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Protein denaturation, common in hydrophobic adsorption systems, causes mis-
interpretation of adsorption mechanisms, interferes with analysis in analytical chro-
matography, and complicates the design of large-scale adsorption processes. A
detailed adsorption model isolates the effects due to denaturation from those due
to mass transfer and intrinsic adsorption kinetics. The model is verified using protein
gradient elution data. Simulations establish that typical symptoms of denaturation
in frontal and elution chromatograms include sensitivity to changes in feed com-
position, column length, particle size, and operating conditions (feed size, flow
rate, and column history). When a denatured species adsorbs irreversibly, the elution
chromatogram shows decreasing peak area with increasing incubation time and
apparent adsorption hysteresis over repeated cycles. In gradient elution, the peak
elution order, resolution, and relative peak height depend highly on modulator
properties and operating conditions. Interfering species limit solid-phase induced
denaturation by competing for binding sites. Strategies for detecting and minimizing

denaturation are proposed.

Introduction

Chromatography is one of the most important methods for
the separation of polypeptides and proteins (Scopes, 1982;
Regnier, 1987). However, protein denaturation is a common
problem in chromatographic separation, especially in reversed-
phase liquid chromatography (RPLC) and hydrophobic inter-
action chromatography (HIC). Denaturation is essentially due
to the significant alteration of a protein’s complex structure
and properties by changes in factors such as pH, ionic strength,
or temperature. The addition of solvents and denaturants (urea,
heavy metals) or contact with foreign surfaces can also alter
protein conformation. Denaturation can greatly reduce protein
recovery and separation in preparative chromatography and
may lead to misinterpretation of adsorption mechanisms, er-
rors in parameter estimation, and sample purity analysis.
Hence, it is important to investigate why and how protein
denaturation occurs and how to detect and minimize dena-
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turation in chromatography (Zhang, 1991). This study will
focus on the latter issue.

Protein denaturation in RPLC

The problem of protein denaturation is most severe in RPLC
because it uses a nonpolar stationary phase, an organic solvent
as eluent and an acidic mobile phase (Regnier, 1987). The
fundamental protein structure consists of a hydrophobic in-
terior and a hydrophilic exterior. When a protein contacts the
hydrophobic silica surface in RPLC, its inner hydrophobic
part will wholly or partially be exposed in order to minimize
the total free energy. As a result, the external hydrophobicity
of a denatured protein will be quite different from that of a
native one (Cohen et al., 1984a,b, 1985; Hearn and Grego,
1984; Hearn and Aguilar, 1987). Investigations of protein ad-
sorption mechanisms have revealed multiple adsorbed states,
and depending on protein and conditions, proteins can undergo
conformational changes during contact with sorbent surfaces
(Benedek et al., 1984; Andrade, 1985; Andrade and Hlady,
1987; Lu et al., 1986, 1988; Lin and Karger 1990). These results
are in good agreement with the observation that a hydrophobic
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stationary surface can catalyzes the unfolding of peptides to
make them more hydrophobic (Jacobson et al., 1984). Direct
spectral studies (FTIR, fluorescence, photoacoustic, photo-
diode array) also indicate that when a protein contacts the
RPLC sorbent, conformational changes occur in the chro-
matographic contacting area of the protein (Katzenstein et al.,
1986; Lu et al., 1988).

Protein denaturation in other types of chromatography

Protein conformational changes are also found in other types
of chromatography, such as HIC (Ingraham et al., 1985; Wet-
laufer and Koenghauer, 1986; Wu et al., 1986a,b; Kunitani et
al., 1988; Oroszlan et al., 1990), ion-exchange chromatography
(Parente et al., 1984a,b), and affinity chromatography (Jaulmes
and Vidal-Madjar, 1989).

Although HIC is conducted with weakly hydrophobic sur-
faces and in general with high concentrations of stabilizing
salts (for example, ammonium sulfate), conformational
changes can happen, depending on the mobile phase, column
temperature, hydrophobicity of the stationary surface, and the
protein itself. Several examples of multiple-peak formation
have been observed in the hydrophobic interaction mode of
protein purification (Ingraham et al., 1985; Wuet al., 1986a,b).
Since HIC is inherently less denaturing, reversible tertiary pro-
tein denaturation can be mediated through adsorption on HIC
column surfaces (Wu et al., 1986a). Quaternary subunit dis-
sociation of tumor necrosis factor (TNF) has been observed
on an HIC column, resulting in four peaks from a single
homogeneous sample (Kunitani et al., 1988). Jennissen (1987)
discusses isotope tracer experiments which indicate that ad-
sorption hysteresis of phosphorylase b on butyl-Sepharose may
be caused by a combination of conformational reactions and
reorientation reactions.

For ion-exchange chromatography, Parente et al. (1984a,b)
reported the effects of urea and temperature on the denatur-
ation of lysozyme and a-chymotrypsinogen. Denaturation was
evident by a remarkable decrease in capacity factor. The elution
profile obtained under partially denaturing conditions showed
a strong flow rate dependence because the rate of denaturation
was of the same order as convection rate.

Reversible and irreversible denaturation

Some surface-induced protein denaturation is reversible,
which means some of the denatured molecules can refold to
the native form in solution (Cohen et al., 1985; Kunitani et
al., 1988). Thus, reinjection of the denatured peak can result
in both native and denatured peaks. For irreversible denatur-
ation processes the denatured form cannot refold to the native
form (Cohen et al., 1984a; Benedek et al., 1984; Karger and
Blanco, 1989). As column contacting time increases, the den-
atured form increases at the expense of the native form. Den-
aturation becomes irreversible when the refolding rate is much
slower than the denaturation rate.

Modeling of reaction separation chromatography

Much experimental work has been done on the denaturation
of proteins. Although denaturation may have a profound effect
on protein separation, little has been done on quantitative
reaction-separation modeling. Modeling has lagged behind ex-
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periments because numerical solutions and long computational
times were required.

Local Equilibrium Models. Langer et al. (1969) gave a
comprehensive review on the application of gas chromatog-
raphy reactors to denaturation studies with emphasis on re-
action kinetics but limited to linear isotherms. Karger et al.
(1980) reviewed denaturation, aggregation, and many other
so-called ‘‘secondary chemical equilibria’’ in chromatography.
Keller and Giddings (1960) assumed a linear isotherm model
and probability distribution between possible forms. Klinken-
berg (1961) explained the band spreading in terms of slow
reversible first-order reaction and rapid mass transfer (local
equilibrium). Golden et al. (1974) studied selectivity reversal
due to reaction in a three-component system. Villermaux (1981)
studied general reaction kinetics in reaction chromatography.
A detailed mathematical model for general combined sepa-
ration-reaction process has been developed by Hwang et al.
(1988). None of these local equilibrium models consider mass
transfer and intrinsic adsorption and desorption kinetics, which
are important in the separation of many large biological mol-
ecules (Muller and Carr, 1984; Lee, 1991).

Lumped Models. Endoand Wada (1983) used a stage model
to consider both solution and solid phase reactions for zone-
interference chromatography. Cann (1987) proposed a model
to simulate simultaneous mass transfer and reaction in the
hybridization and dimerization of proteins in zone electro-
phoresis. Whitley et al. (1989) proposed a detailed stage model,
which, unlike the traditional stage model, considers interphase
mass transfer and has the capability for including reaction.
However, different components are assumed to have the same
numbers of stages, which may not always be valid. In addition,
the number of stages or overall mass-transfer coefficients have
implicit dependencies on particle size, flow rate, and solute
concentrations.

General Rate Models. Arve and Liapis (1987, 1988) pro-
posed a rate model for the elution of a single adsorbate without
reaction. Hsu and Ernst (1990) have proposed a reaction-sep-
aration model which considers the effects of axial dispersion.
The model is solved by fast Fourier transform (FFT) method,
but is limited to linear isotherms and first-order solution phase
reactions. Berninger et al. (1991) developed VERSE-LC, which
is a versatile reaction-separation model for liquid phase, fixed-
bed adsorption. The development of this generalized model
was motivated by the need for fundamental understanding of
complex protein adsorption phenomena in multicomponent
mixtures. Coupling of transport, intrinsic kinetics, and reac-
tion effects often results in misinterepretation of data and
adsorption mechanisms. Therefore, all the mass-transfer
mechanisms (axial dispersion, film mass transfer, and intra-
particle diffusion) must be accounted for properly, so that
complex issues such as slow intrinsic adsorption kinetics (de-
parture from the assumption of local equilibrium) and reaction
phenomena can be thoroughly understood. Berninger et al.
proposed such a set of generalized equations, initial conditions,
and boundary conditions and developed a detailed solution
procedure. By changing the column inlet concentration as a
function of time, one can obtain dynamic solutions for any
mode of adsorption operation. Many previous literature models
and solutions are in fact limiting cases of this generalized
model. VERSE-LC has allowed fundamental studies of a wide
range of complex adsorption phenomena, including peak
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compression in stepwise elution involving two-way flow (Kim
et al. 1992), solute aggregation in the mobile phase (Whitley
et al., 1991a; Van Cott et al., 1991), parameter estimation
using gradient elution (Whitley et al., 1991b), and slow (no-
nequilibrium) adsorption and desorption (Whitley et al., 1993).

Research scope and key results

The focus of this article is to study adsorption phenomena
due to solute denaturation. The objectives of this research are
(1) to define and establish the syndrome of solute denaturation
in frontal and elution chromatography; (2) to understand how
the changes in particle size, flow rate, column length, gradient
conditions, and column history impact separation and dena-
turation; (3) to design simple experiments to test whether de-
naturation is present; and (4) to develop strategies to minimize
denaturation.

In this study, VERSE-LC is first verified with two sets of

protein data for gradient elution under denaturing conditions.
The simulations closely represented the data under different
gradient conditions. We then use a solid phase, unimolecular,
irreversible reaction to represent denaturation for isocratic and
gradient elution modes, as well as for multiple cycles. The
choice of this reaction is based on numerous literature obser-
vations of irreversible adsorption of proteins on hydrophobic
surfaces (Beissinger et al., 1982; Andrade and Hlady, 1987).
The simulations show that denaturation can result in apparent
adsorption hysteresis in multiple loading-washing cycles. This
phenomenon has been reported in the literature (Jennissen et
al., 1987), but is simulated using a quantitative model for the
first time. This study also shows that in gradient elution, peak
resolution, peak elution order, and relative peak heights are
all highly dependent on the gradient conditions and denatur-
ation rates. Contrary to nonreacting systems, reducing gradient
slope can actually reduce resolution in denaturation systems.
A dimensionless group analysis is used to understand the con-
ditions under which denaturation is important when design or
operating parameters change. Strategies for minimizing de-
naturation are proposed.

Theory

Model assumptions

The following basic assumptions are used in formulating
VERSE-LC:

(1) The column is packed with pseudo-homogeneous spher-
ical particles with uniform particle size and pore size.

(2) The column has uniform flow distribution.

(3) The reaction-separation process inside the column is iso-
thermal.

(4) The concentration gradients in the column radial direc-
tion are negligible.

(5) Angular concentration gradients in the particles are neg-
ligible.

(6) The mass-transfer coefficients are constant and inde-
pendent of other components.

(7) Diffusion of solutes on the solid surface is negligible.

Model equations

Based on the above assumptions, the following governing
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equations can be derived from the differential mass balances
for each component in the mobile, pore, and solid phases
(Berninger et al., 1991):

Mobile Phase:
ac,; 1 dc,; dcy,
30 _Peb,i axz - ax _Nf,i (Cb.i_cp,:.é=l) (la)
ac,;
x=0, E=Peb,i(cb.i_cj,i(0)) (1b)
x= % =0 1
iy ax - ( C)
0=0, ¢p;=¢,;(0,x) (1d)
Pore Phase:
ac,,; 1 1 0 ac,,;
el =2l Y, =N = | g2 e
Ke'f"[ a ] Yo i p e {5 a% ] e
ac,;
= jud U 2
£=0, T 0 (2b)
¢, .
£=1, a—g’= Bi; (€hi—Cp) (20
0= 09 Cp,i=Cpi (0,5) (Zd)
Solid Phase:
ac,; -
a—g= Y[‘,'+ Yp',' (33)
6=0, ¢,;=¢,,(0) (3b)

Space and time are scaled by the respective characteristic val-
ues:

£

t L
xX= 0=—-; 17=—,
uD

z, r
r R T
Where 7 represents the percolation time, or the time required
for one bed volume of solution (excluding the particle volume)
to pass through the column. The mobile, pore, and solid phase
concentrations are scaled by their respective expected maxi-
mum values:

Coi,
Cel

ol

= i
C,;=

Cpi= P

ol

C..= Cp,".
pi— 3
Ces T

where C,; is the maximum possible inlet concentration for
species i (assuming total conversion if there is reaction), and
Z'T,,- is the maximum capacity for species i. The size exclusion
factor in Eq. 2a, Ke,, represents the fraction of the pore volume
that is available to species i. Ke; is also assumed equal to the
fraction of sorbent volume available for adsorption. The ¢, ;
is a loading factor defined as:
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The Y, term represents the consumption of species by reaction
in the solid phase. The Y, represents the loss of component i
in the pore phase by adsorption on the solid phase. Depending
upon equilibrium or nonequilibrium cases, Y;; may have dif-
ferent expressions, which will be discussed shortly.

Adsorption kinetics

In the model solid-phase, concentrations are related to the
pore phase concentrations by means of an equilibrium isotherm
or its kinetic equivalent. When the adsorption/desorption
process is faster than the controlling mass-transfer and solution
reaction rates, local equilibrium can be achieved between the
solid and pore phases. Under such circumstances, a multiple
component Langmuir isotherm has often been used for iso-
cratic conditions (Blanco et al., 1989). For reversed-phase gra-
dient elution, Antia and Horvath (1989) presented the reversed-
phase modulator form of the Langmuir isotherm:

_ oS
G, =t o )

-
1+ > be %°C,,
j=1

Snyder (1980) presents a comprehensive review of the theory
behind the exponential relationship between solvent strength
and retention which is included in Eq. 5. Part of the review
also provides experimental verification of this model. A pair
of articles by Velayudhan and Ladisch (1991, 1992) present
simulation results for a system in which modulator adsorption
is considered. They discuss various consequences arising from
the associated gradient deformation. Isotherm information is
not generally available for modulator adsorption, so we do
not consider the phenomenon in this research.

If the adsorption/desorption process is relatively slow com-
pared with the controlling mass-transfer and reaction rates,
the assumption of local equilibrium is no longer valid. Con-
sequently, solid phase concentrations must then be related to
adsorption and desorption rates via a kinetic equation. A gen-
eral nonequilibrium adsorption and desorption equation is pre-
sented in Whitley et al. (1993):

N,
> Ep‘,] —Ne. iCpi ©6)

Yii=MNe, iCp.i l: 1-
Ji=1

The nonequilibrium form of Eq. 5 would then be Eq. 6 with
N, ; and N, ; being dependent upon f,(p)=¢%e ¥ and
f_(p)={"e"5 ¥ as defined in Table 1. VERSE-LC also needs
such a kinetic equation because of the way it calculates solid-
phase concentrations when surface reactions are present. To
reduce the number of parameters for this study, we make
N,, large, essentially approaching the equilibrium isotherm.

Mass-transfer parameters

The model considers four kinds of mass transfer: convection,
axial dispersion (E,), intraparticle diffusion (D,), and film
mass transfer (k;). The axial dispersion coefficient is calcu-
lated from the correlation proposed by Chung and Wen (1968).
Intraparticle diffusivity is obtained from the correlation de-
veloped by Mackie and Meares (1955). The film mass-transfer
coefficient is calculated from the correlation proposed by Wil-
son and Geankoplis (1966). The correlations can be found
together in Berninger et al. (1991). Although included in the
model, axial dispersion and film mass-transfer resistance are
not controlling for the systems presented.

Reaction terms

The generation or consumption of species due to reaction
is represented in the governing equations by Y, :

Table 1. Dimensionless Groups
Denominator
Intraparticle
Numerator Convection Film Mass Transfer Diffusion
Axial 1 B,
Dispersion Pe,, u,l
Film Mass 3L\ (1—epky, kiR
N, 2= SR 1 Bi =2
Transfer fi ( R ) €ty " Keye,D,
Intraparticle L 1
Diffusion” Noi=\R Pe,, 1
Adsorption™* L, (0)C,,; R %,
P NF,,,: . (o) 3 Da‘)“’= [+,l(¢)ce,l q>2‘i=Re+"(¢,)Ce'!
u, ki ’ Kee, D, ;
Desorption™* Le_; Re_, RY_;
P Ny = E (¢) D =R (¢) ¥ - ()
U, k/‘, ' Ke,'epr‘,-
Forward Lk, (o) RK, (0) , _ R%k, (0
PR Ny, j=—— Da; =—>T ¢ =————
Reaction Ko u, kg, 7 Keie,D,,
. 2
”"_Ke,-e,,D,,_;

**Equation 6 terms for nonequilibrium reversed-phase modulator equation.

'Shown for solid-phase N— P reaction.
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Vpmtm 3 <’< ol ] Cim=%om I 1 553") ®
u"CT'i m=1 Joreac Jjiprod
where g;,, is the coefficient of component i in the m™ reaction
(positive for products, negative for reactants) and k, and k_
are the forward and reverse rate constants of the reaction. For
the case of an irreversible solid-phase reaction, such as surface-
induced protein denaturation, the X =0. We further treat the
reaction as first-order with respect to the reactant (6,:,= 1), so
that Eq. 8 simplifies to Eq. 9 for the current study.

Yp,N=N;.Ep,N (9)

Since the Gibbs free energy for protein folding changes as a
linear function of cosolvent concentration, the rate ‘‘con-
stants’’ actually have an exponential dependence on modulator
concentration (Ahmad and Bigelow, 1986; Herskovits et al.,
1970). Similar to the relationships of £, and ¢_, we express this
dependence as:

k. (@) =k% e (10)

where 3, is the reaction modulator constant, which represents
the dependence of reaction rate constant on the volume fraction
¢ of organic solvent (modulator) in the mobile phase. A large
negative 3, value imparts a faster decrease in denaturation
rate with gradient progression.

Dimensionless group analysis

In complex reaction-separation systems, even a small num-
ber of components can give rise to a large number of competing
mass-transfer and reaction rates. In many cases, more than
one among many mass-transfer and reaction mechanisms can
be controlling or affecting the observed peaks or concentration
fronts. Determining these controlling steps not only can greatly
simplify the problem itself, but also can show how to manip-
ulate the complicated reaction-separation process. A funda-
mental engineering approach to these complex systems is to
use dimensionless groups which are ratios of various rates.
These groups can be classified into three categories: mass-
transfer groups (Bi, N, N,, Pe, Re), reaction groups
(Da;,, N¢,, Ni,, $2) and operational or boundary groups (G,
¢, Af). The detailed dimensionless group tables for nongra-
dient systems have been published elsewhere (Berninger et al.,
1991).

In gradient elution mode, a new dimensionless group G,
dimensionless gradient slope, is introduced to represent the
gradient conditions. From the inlet boundary condition (Eq.
1b), the inlet modulator concentration of a linear gradient
system can be written as:

e0) =)+ G an

where ¢} is the initial dimensionless modulator concentration
in the feed. The dimensionless gradient slope G is defined as:

_ gradient slope _ S_T

= - (12)
convection rate ¢,

with S being the gradient slope and ¢, being the maximum
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modulator concentration. In RPLC mode, ¢, is taken to be
the volume fraction of organic solvent. For linear gradients,
G is a constant; in other types of gradients, G is a function
of time.

Numerical solution of the governing equations

The coupled governing equations are solved by the method
of orthogonal collocation on finite elements (OCFE). It in-
volves two steps: first, the spatial axes, z and r, are discretized
by OCFE; then the resulting ordinary differential equations
systems with initial conditions are solved with an integrator.
DASSL-A differential algebraic system solver (Petzold, 1982)
is used for the VERSE-LC model. A detailed description of
the scaling, assumptions, and numerical solution, including
stability analysis, for VERSE-LC was presented in Berninger
et al. (1991).

Results and Discussion

First, VERSE-LC is quantitatively verified by literature data
on protein gradient elution. Similar parameters are then used
in a series of simulations to illustrate the effects of denaturation
in different modes of adsorption operations, including frontal
(breakthrough curves), elution (step-down in concentration),
isocratic elution of a pulse, multiple cycles, and gradient elution
of a pulse. Results from different particle sizes, feed concen-
trations, pulse sizes, flow rates, column lengths, and gradient
conditions are characterized using a dimensionless group anal-
ysis. Changes in these parameters can shift the process between
reaction controlling and mass-transfer controlling as will be
shown by the dimensionless group analysis.

Comparison of model predictions with literature data

Papain Denaturation on a C-4 Reversed-Phase Col-
umn. Papain did not denature in an injection solution (10
mM H;PO, at pH =2.2), but the RPLC of papain led to two
peaks; the first peak is the native form, and the second peak
is the denatured form (Benedek et al., 1984; Karger and Blanco,
1989). Denaturation rate increases with increasing temperature
or decreasing pH. Reinjection of both peaks showed that the
denaturation was irreversible under the experimental condi-
tions of Benedek et al. (1984). Figure 1 shows the chromatograms
of papain with constant surface contact time as a function of
the starting mobile phase concentration (data as dashed lines).
In the experiment, a four minute delay time exists for the
gradient to travel from the pumping system to the column. In
order to maintain the same retention time of the two peaks in
the four experiments, a longer isocratic hold time was used
with a higher starting propanol concentration. The slight change
in gradient shape did not affect the retention times of the two
peaks, but did change the relative areas. For a given contacting
time, a larger native peak was observed with a higher 1-pro-
panol fraction in the starting mobile phase. Presence of the
organic solvent in the mobile phase decreases the solid phase
denaturation rate.

The VERSE-LC simulated chromatograms for papain are
shown as the solid line peaks in Figure I; the simulation pa-
rameters are listed in Table 2. With only one set of parameters,
four elution profiles were closely represented by simulation.
Peak retention time, peak broadening, as well as relative peak
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Figure 1. Model validation by gradient elution data of papain (Benedek et al., 1984, Figure 3).

First peak is native form. See Table 2 for simulation parameters. G = 0.0388; (a) c%s = 0; (b) 0.04; (c) 0.08; (d) 0.12; gradient durations are (a) 15.0;
(b) 14.4; (c) 13.8; (d) 13.2 min.

Table 2. Parameter Values for Model Validation of Figures 1 and 2

uorjoeyy jouedord

uoryoedy jouedord

Isotherm” ¢, M "-min~") £_,; (min™") S.. Cr: (M) Cp; (M)
Figure 1 N 3.65% 10° 10° 2.3 0.07 9.662x107*
P 7.2%10° 10° 11.7 0.07 0
Figure 2 N 3.5%10° 10° 10.0 0.07 9.09x10*
P 5.0 10° 10° 11.1 0.07 0
Reaction K, (min~?) Bam
Figure 1 0.17 -35.0
Figure 2 140.0 —35.0
Mass
Transfer D (cm?-min~') D,,; (em*-min™")
Figure 1 N,P 6.18x10°° 4.0x107?
S 9.00x10°* 2.0x107*
Figure 2 NP 6.12x10°* 4.0x10°¢
S 9.00x10°* 2.0x107¢
System
Figures 1, 2 € 0.35 R (cm) 5x107* V, (mL) 0.006
[ 0.5 d (cm) 0.46
u, (cm-min~") 17.19 L (cm) 10.0
*S_,;is 0 for all cases.
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Figure 2. Model validation by gradient elution data of
a-chymotrypsinogen (Benedek et al., 1984,
Figure 7).
First peak is native form. See Table 2 for simulation parameters.
G = 0.0388; c}s =0; (a) puise injection (J) and gradient (S) begin
together; (b) injection begins 9 min. after gradient.

height, were all very close to the data. This indicates that the
model can quantitatively describe the denaturation process.
The largest difference between model and data is in the shape
of the denatured peak for Figure 1d; VERSE-LC predicts a
broader peak. Benedek et al. (1984) discuss extensively that
the denaturation mechanism is composed of two steps, the first
being a rapid denaturation and the second being slower (and
insignificant as modulator concentration increases). Since we
only consider a simple, single step denaturation process, our
parameters represent an average rate. At the higher initial
propanol concentration in Figure 1d, our average rate is not
fast enough. Thus, the two peaks spread apart while P is still
being formed causing the broader shape. The initial, rapid step
in the data do not allow time for such spreading. While we
could have added a second mechanism to the model, there is
not enough data to accurately determine its parameters.
Parameters for model simulation were determined in the
following way. The symmetrical peak shapes in the data in-
dicate operation in the linear part of the isotherms, meaning
that only 4, and S, (see Eq. 5) are needed for N and P. These
four parameters were determined using the eight retention times
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of the N and P peaks in Figures 1a through 1d (Schoenmakers
et al., 1978). Some adjustment of D, was also made but it was
taken to be the same for N and P and independent of the
modulator concentration. The denaturation rate constant (k)
and dependence of denaturation rate on modulator concen-
tration (3, ) were then determined by matching the four relative
peaks sizes in the series of experiments. Thus, a total of seven
parameters can closely describe the eight peaks in all experi-
mental chromatographs in terms of retention, peak sharpness,
and peak areas for various gradient elution conditions.

a-Chymotrypsinogen Denaturation on a C-4 Reversed-Phase
Column. Simulation of the chromatographic behavior of «-
chymotrypsinogen as a function of injection time by VERSE-
LC is shown in Figure 2; S represents the starting gradient time
and J represents the sample injection time. Experimental data
from Benedek et al. (1984) for this system is shown as dashed
lines in Figure 2. When operated under a linear gradient from
0 to 1-propanol-water (45:55 v/v) with a constant 10 mM
H;PO,, only a single denatured peak was observed (Figure 2a).
Denaturation was dominant mainly because for the experi-
mental system, the gradient requires 4 min. to reach the column
entrance. However, upon injection 9 min. after the start of
the gradient, they observed a native peak followed by a de-
natured peak (Figure 2b) since the protein is not exposed to
the highly denaturing conditions of the starting solution. Once
again, the ratio of the areas of the first peak to that of the
second depended on the time of injection with the first peak
growing with delayed injection. Elution time of the denatured
form remained constant.

Simulations by VERSE-LC for this system are shown as
solid line peaks in Figure 2; simulation parameters are listed
in Table 2 and parameters were found as described for Figure
1. However, the N peak is not noticeable in Figure 2a, neces-
sitating our assumption that it would elute at approximately
the same time that it does in Figure 2b. Since the unfolding
of a-chymotrypsinogen in an acid medium proceeds readily
and is reversible (Herskovits et al., 1970), Benedek et al. (1984)
were not able to identify the peaks by activity. However, they
did show that reinjection of either fraction resulted in the
appearance of both peaks, and they suggested that the second
peak was the denatured form based on comparative studies
(Benedek et al., 1984). Since the peaks are well separated, the
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Figure 3. Impact of denaturation on volume overioad
elution for increasing incubation time on the
column: (a) no denaturation, no incubation.

Remaining curves include (b) denaturation and incubation of 0;
(©) 2; (d) 5; (e) 7.5; () 10 min.
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solution refolding must be slow relative to the elution time so
we used an irreversible solid phase denaturation in the simu-
lation. Comparing the simulation results of Figure 2 with the
experimental results, one can see that the model simulation
quantitatively represents the experimental results, with the re-
tention time, band spreading, and relative peak areas very
similar to the experimental results.

Isocratic operations

As was the case for nonequilibrium adsorption kinetics
(Whitley et al., 1993), denaturation can cause complications
as system or operating parameters change. In this section, we
will explore how common changes in process conditions can
affect separations when denaturation is present. Simulation
parameters are as shown in Table 3 unless otherwise noted.

Discerning Denaturation under Volume Qverload. In or-
der to maximize the throughput of a column, large pulses of
dilute solutions are fed creating a condition popularly called
‘‘volume overload.”” Figure 3 shows a comparison of a 5 mL
pulse of component N with and without denaturation. Unless
a careful calibration curve was being used, one might not realize
there is a significant loss of native form at Nz, =0.125 (Figure
3, curve b). However, if one runs the same experiment with a
short incubation period (stopped flow for a period of time
after pulse injection), the area under the curve would decrease
and a comparison could be made. The series of increasing
incubation times (curves ¢ to f) indicate how much protein is
being left on the column. The incubation times have been
subtracted from the time values so that the curves overlay for
comparison purposes. The *‘roll-up’’ or positive slope at the
top of the b-d curves is also indicative of competition with a
reactant; note that curve a has a horizontal plateau. Minimizing
residence time and gradient delay is necessary to minimize
denaturation.

Differentiating Between Solution and Solid-Phase Denatur-
ation. One can incubate samples before injection for a series
of times. If this makes a difference in the effluent history,
solution phase denaturation should be suspected. In contrast,
incubation of material on the column will alter the effluent
history if solid-phase denaturation is present.

.5
15105 ! ;
Ha) 1
A
: i
- L
— 1105 ] C
2} 1 -
o ] [
1
510 ] d
010° : , ;F
0 5 10 15 20
t [min]
1510°% 4 L
1(b) L
] [
] [
. 110% L
g 1
|&] i [
5106 N+P L
< F
j Nf
0 1 [
010" + — s 7
0 5 10 15 20
t [min}
1510°% . L ) : .
(c)
]
_ 110® i L
b} N+P [
o o ] s
510 ] L
1 P
o |
0 10 » — — —_——
)} 5 10 15 20
t [min}

Figure 4. Effects of particle size in isocratic elution
(N, = 0.5).
Cpn=10""M; Vp 0.5 mL; (@) R = 5x107% (b) 5% 1077 and
(©) 1.5x 10 %cm; (a) &%, = 8.375%x107%; (b) 0.8375; and (c) 7.54.

Effects of Changing Particle Size. Large particles are often
used in preparative scale chromatography to minimize pressure
drop in longer beds. Figure 4 shows the effects of changing
particle size. As the particle radius increases from 5x 10 % cm

Table 3. Parameter Values for Isocratic Simulations (Figures 3-8)

Figure Isotherm* £, M min"") ¢_; (min™") Cr, (M)
4-7 N 1.0x 10° 1.0x10° 0.01
P 2.0x10° 1.0x 10° 0.01
7 1 see figure 1.0x10° 0.01
3,8 N 1.0x 10° 1.0x10° 0.03
P 1.0x 10° 1.0x 107} 0.03
I 1.5x 10° 1.0x10° 0.03
Reaction k., (min")
4-7 0.33506
3,8 0.083765
Mass Dy D,;
Transfer (cm?-min~") (cm?-min~")
3-8 N,P,I 3.449%10°° 1.2346x 107 *
System
3-8 € 0.38 R (cm) 5x10°*
& 0.81 d (cm) 1.0
u, (cm-min~") 3.3506 L (cm) 5.0
*S.,=8_,=0 for Figures 3-8
1074 June 1994 Vol. 40, No. 6 AIChE Journal



(curve a) to 1.5x 1072 cm (curve c), the intraparticle diffusion
resistance becomes more important. As aresult, both the native
and denatured peaks become less concentrated. Because the
column loses resolution power with large particle size, the
denaturation effects (split peaks) are masked by the mass-
transfer effects. Dimensionless group analysis is also important
in predicting peak splitting and peak merging in this case.
Instead of N7 being the key group as was the case for analytical
scale chromatography, @%' is the key group in the large scale.
As particle radius increases from 5x 10 *cm to 1.5x 102 cm,
@%‘ increases from 8.375x 107 to 7.54, giving a higher effec-
tive reaction rate. Similar to the analysis in analytical chro-
matography, at a relatively slow reaction rate the peaks tend
to separate, while at a high reaction rate the peaks tend to
merge. One can also see that as intraparticle resistance becomes
higher, as indicated by N, decreasing from 60 (a) to 0.066 (c),
the dynamic capacity drops. Solute molecules do not have time
to penetrate very far into the large particles, so fewer binding
sites are accessed, and the entire pulse shifts towards earlier
elution.

Effects of Feed Concentration and Flow Rate. Increasing
feed concentration increases the degree of saturation, as ex-
pressed by the loading factor, shifting the isotherm from the
linear to the nonlinear region. Therefore, breakthrough occurs
earlier and the front is sharper (Figure 5). For example, at a
lower feed concentration (C,y = 2.5 X 107*Mor ¢, v = 0.13,
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Figure 5. Reduction of denaturation by increasing feed
concentration in frontal analysis (N ;, =0.5).

@) ¢, v = 0.13; (b) 0.53; (c) 2.6; or (d) increasing flow rate
Ni=0.25 for ¢, y=0.13.
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Figure 5a), the breakthrough curve shows a slower approach
to saturation and two concentration waves; while at a higher
concentration (C;y = 5.0 X 107> M or ¢, v = 2.63, Figure
5¢), the breakthrough curve becomes apparently sharp. Higher
feed concentration of a protein actually reduces denaturation
because the residence time is much shorter. If increasing feed
concentration is not practical, one can limit denaturation by
increasing the flow rate. Figure 5d is identical to 5a, except
that the flow rate has been doubled. Denaturation is decreased
because contact time is reduced, as noted by N;_ decreasing
from 0.5 (5a) to 0.25 (5d). The proportion of the two species
would not have changed if there was no reaction present.
However, since the overall breakthrough front may not change
either, a diode array detector on the effluent would be necessary
to test for changes in concentration ratios.

Effects of Loading. 1Loading is an important parameter in
elution and will influence both reaction and separation. In
analytical chromatography, a small pulse (20-50 xL) can be
used to eliminate loading effects, because the main purpose
of analytical chromatography is high resolution. But in pre-
parative scale chromatography, a large pulse is usually pre-
ferred in order to increase the productivity. In the case without
mass-transfer or reaction effects, local equilibrium theories in
the literature have established that a single component chro-
matogram is only a function of T (Helfferich and Klein, 1970).
A dimensionless pulse size:

C.iu,Al;

ATO,'=
" (1—e)1—¢)Cr,L

(1n

where A¢; is pulse time, L is column length, and u, is interstitial
velocity, thus proves useful for considering both concentration
and pulse volume overload. When columns are sufficiently
long (AT,; much less than unity), the resulting peak from
volume overload and concentration overload becomes identical
for Langmuir isotherms in the absence of reaction (Helfferich
and Carr, 1993). For low loading (AT,;<0.01), there are no
significant pulse size effects. But at high loading, the results
are different. Figure 6 shows the nonlinear region from
AT, y=0.114 (a) to 1.14 (b, both sets) to 45.5 (c). There are
two simulations in Figure 6b; the first is a 0.2 mL pulse of
0.01 M (concentration overload) and the second is a 2 mL
pulse of 0.001 M (volume overload). Even though loading is
the same (as noted by AT, »), the effluent history for concen-
tration overload is quite different from that of volume over-
load. While this difference is partly because the column is not
exceedingly long (5 cm), the presence of a denaturation reaction
is also reducing the accuracy of AT,; in predicting histories.
Going to Figure 6¢c, one sees that high concentration and large
pulse volumes result in merging of reactant forms and less time
on the column for denaturation. The AT, ; gives a clear indi-
cation of whether there are nonlinear effects, but does not
guarantee equivalency between various combinations of pulse
size and concentration when reactions such as denaturation
are present.

Interference Coupled with Denaturation. Coupling of in-
terference phenomena to the denaturation process adds an-
other layer of complexity to the elution profiles. Simulations
are useful in sorting out the interplay of these elements. Figure
7 shows the breakthrough curves of a protein mixture being
separated by chromatography as one of the components under-

1075



7510 )
i(a)
! N+P
j N
510°
g ] P
O i
2510°% L
i
010° 1 . :
0 5 10 15 20
t {min]
-3
210 1 i f
1)
1 N+ [
= N L
& 1108 -
© N+P
P,
L
010° . = ;
0 5 10 15 20
t [min)
-2
5 10 1 { !
5(4:) F
4102 ] N+P E
. N :
g 3102 ] E
© 2102 ] :
1102 J a
1 P
010° ] - . .
0 5 10 15 20
t [min}

Figure 6. Effects of pulse concentration and volume on
denaturation (N, = 0.5).

(a) Cpy = 0.001; 0.01 (b, first peak set); 0.001 (b, second peak
set); (¢) 0.04 m; (@) Vpn = 0.2; 0.2 (b, first peak set); 2 (b, second
peak set); (¢) 2 mL; (a) AT, v = 0.114; (b) 1.14; (c) 45.5.

goes denaturation. In Figure 7a, the affinity of the inert species,
1, is slightly less than that of the native form. As a consequence,
I is sharpened by interference from N. In Figure 7b, I has an
affinity between the native and denatured forms. N has been
sharpened by interference from I, and P also shows some
sharpening. While in Figure 8¢, I has an affinity slightly less
than that of P. Compared with Figure 7b, peak P is now much
sharper. Looking through this series, one should note that as
the affinity of I increases, the ratio of N to P increases. Since
I becomes a better competitor for sites, N spends less time on
the solid phase and thus denatures less. Without multiwave-
length monitoring, one may not realize there is denaturation
present in addition to the expected separation of N and [
because the overall curve shape which might be shown by single
wavelength absorption (/+ N+ P curve) does not change
greatly.

Effects of Column History. Because of their high cost,
adsorbent columns on both lab and industrial scales are sub-
jected to repeated process cycling. Often there is a ‘‘break-in
period”’ whereupon some (usually small) percentage of ad-
sorbent sites irreversibly bind solutes (Regnier, 1984). For sub-
sequent cycles, the elution times are constant. If denaturation
is present and the denatured form is very strongly retained,
the available capacity of the column may continue to decrease.
Such a case is demonstrated by VERSE-LC in Figure 8.
Throughout four successive cycles of a large pulse of N+1,
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Figure 7. Impact of interference from other solutes on
denaturation of a protein.

(@) ¢, ;= 8% 10% (b) 1.5x 10% and (c) 2.2x 10° M~ 'min"";
Cyn=10"% €= 5% 1074 M for all cases.

the column loses capacity as N denatures to P which tends to
stay bound to the solid phase. The loss of capacity reduces
resolution between the N and 7 species. Additionally, the
amount of ““roll up”’ of N caused by displacement from 7
decreases. Displacement effect requires binding sites, some of
which P takes out of use on each cycle. Detailed modeling can
be useful in developing loading and regeneration steps to reduce
loss of capacity due to strongly adsorbing species and to pro-
long column life.
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Figure 8. Multicomponent interference and loss of ca-
pacity due to solid phase irreversible dena-
turation.

Denatured form has slow adsorption/desorption kinetics and high
affinity. Four successive cycles of a large rectangular pulse are
shown. Cp = 0.001 M; Cp, = 0.005 M; V= Vp, = 20 mL.
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Implications of denaturation of gradient elution systems

Gradient elution is widely used in chromatographic sepa-
ration. The solute affinity, adsorption, and desorption rates,
as well as denaturation and refolding rates, all can change with
gradient conditions. This makes the modeling of protein de-
naturation under gradient elution conditions quite a challenge.
Gradient simulation parameters for Figures 9-12 are given in
Table 4 unless otherwise noted.

Selecting Flow Rate and Column Length to Reduce Dena-
turation. For small particle columns, the two key dimen-
sionless groups are G and Ny, . Increasing column length from
1 cm (Figure 9a) to 10 cm (Figure 9¢) will increase Ny, from
0.0385 to 0.385; therefore, it also increases the size of the
denatured peak. Also, G increases with increasing column
length, resulting in a sharper peak of the denatured form,
despite the increasing retention time (Figures 9a through 9c).
Decreasing flow rate will have the same impact on G and
Ng, as increasing column length. Figure 9d shows the result
when both the flow rate and the gradient slopes are doubled
while holding G the same as that in Figure 9c. The peak of
the denatured form becomes smaller as a result of the 50%
reduction in Vg, but peak sharpness remains similar to that
of Figure 9c because G is kept constant.

Reversal of Peak Elution Order by Changing Gradient Con-
ditions. Since native and denatured species can have different
isotherm behavior, their elution order can also be reversed as
has been demonstrated experimentally by Kunitani et al. (1986)
in RPLC. By changing gradient conditions, we can get sepa-
rated peaks or a single peak or a change in the elution order.
Figure 10 shows a series with different gradient slopes, while
all other conditions are the same. In Figure 10a a sharp gradient
is chosen (G =0.0349) and the denatured form elutes before
the native form; in Figure 10b a less steep gradient is used
(G=0.0117), and the native and denatured form merge into
one peak; in Figure 10c, a shallow gradient is imposed
(G=0.00873) and the denatured peak comes out after the
native peak. Figure 10 demonstrates two important points about
gradients under denaturing conditions: (1) decreasing gradient
slope can sometimes decrease resolution, and (2) the peak elu-
tion order can change with G.
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Figure 9. Selection of column length and flow rate for
resolution and reduction of denaturation.

(a) G = 0.00388; (b) 0.0194; (c) 0.0388; (d) 0.0388;
(a) N, = 0.0385; (b) 0.1925; (c) 0.385; (d) 0.1925; AT, » = 0.275;
)5 = 0; gradient starts at end of pulse.

Effects of Adsorption Modulator Constant (S.). Figure
11 shows how the modulator constant S, in Eq. 6 can affect
the separation and elution order of native and denatured forms.
In Figure 11, S, y is kept constant while S, » increases from
6.9 to 25.0. The denatured peak becomes sharper and elutes

Table 4. Parameter Values for Gradient Simulations (Figures 9-12)

Figure Isotherm® £, ;M "-min™! f_; (min™") S, Cr: (M)
9-12 N 6.0x 10 1.0% 10? 4.5 0.03846
P 3.0x10° 1.0x10? 6.9 0.03846
10 N 6.0x10% 1.0x 10? 4.5 0.03846
P 3.0x10° 1.0x 10? 15.0 0.03846
11 N 6.0x 10° 1.0x10? 4.5 0.03846
P 3.0x 10° 1.0x 10 see figure 0.03846
Reaction k°, . (min™") By
9-11 0.6619 -30.0
12 0.6619 see figure
Mass
Transfer DZ (cm?-min~") D,; (cm?-min"")
9-12 N,P 1.1304x 107¢ 2.512x107°
S 9.00x10°* 2.00x107*
System
9-12 €5 0.35 R (cm) 5x10°4 Ve (mL) 0.2
€ 0.50 d (cm) 0.46 Con (M) 1073
u, (cm-min~') 17.192 L (cm) 10.0

*S ,is O for all cases.
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Figure 10. Reversal of peak elution order by increasing
gradient slope (N 3, = 0.385, affinity modu-
lator constant S, , = 4.5, S, , = 15.0).

(a) G=0.0194; (b) 0.0388;(c) 0.0776; c}"s =0; gradient starts at
0.2 min.

earlieras S, pincreases. Keeping all other parameters constant,
different S, »can sometimes cause the denatured form to come
out later than the native form (Figure 11a, 11b); sometimes
they can merge into one peak (Figure 11c); in an extreme case,
the denatured form can elute before the native form (Figure
11d). As a general rule, denatured forms come out after native
forms. This and the previous figure results show that this may
not always be the case. Hence, a biological activity assay or
other tests are needed to determine which peak is due to the
denatured form.

Effects of Reaction Rate Modulator Constant (3,). The
denaturation rate constant, 3, , is often affected by the mobile
phase conditions (Benedek et al., 1984). Figure 12 shows a se-
ries of chromatograms with different 3,. Basically, 3, has
two important effects on the chromatogram. First, it can change
the relative peak heights of the native and denatured species.
A more negative value for 8, means the reaction rate slows
down more quickly as the gradient progresses, resulting in less
denatured species. That is why there is less denatured form in
Figure 12¢ (8, = — 30) than in Figure 12b (3, = — 10). Second,
B, can affect resolution between the native and denatured
peaks. Figure 12a shows a case where 3, equals 0, which means
the reaction rate is independent of gradient conditions. In this
case, the denatured peak is spread-out, distorted, and not fully
separated from the native peak. For many systems reported
in the literature, such distorted peaks were not observed, in-
dicating denaturation rate is usually a function of ¢.
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Figure 11. Effects of changing affinity modulator con-
stant, (a) S, » = 6.9; (b) 12; (c) 15; (d) 25.

G = 0.0388; c}s = (; gradient starts at 0.2 min.

Since protein denaturation in RPLC and HIC is mainly due
to the hydrophobicity of the sorbent surface, which turns the
inner hydrophobic part of a protein out, it should be expected
that injection of a protein sample into a mobile phase con-
taining some organic solvent can reduce denaturation. How-
ever, if the mobile phase organic solvent concentration is too
high, protein can denature in the mobile phase as well (Ker-
lavage et al., 1983). The combination of solution and solid
phase denaturation is not included in the simulations because
no quantitative experimental data are presently available for
bench marking.

Conclusions

A comprehensive liquid chromatography model has been
extended to describe the effects of protein denaturation in
frontal chromatography and in nonlinear isocratic and gradient
elution chromatography. The model has been verified with
RPLC literature data of papain and a-chymotrypsinogen. In
the papain simulations, one set of parameters closely represents -
four gradient elution profiles (8 peaks) showing denaturation
as a function of hold time. In the a-chymotrypsinogen sim-
ulations, one set of parameters closely represented native and
denatured peaks for two different injection times under gra-
dient.

In frontal chromatography, denaturation results in multiple
waves or asymmetric breakthrough curves, which can be mis-
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Figure 12. Effects of changing reaction rate modulator
constant, (a) 8, = 0; (b) —10; and (c) — 30.

G = 0.0388; ¢) = 0; gradient starts at 0.2 min.

takenly attributed to impurities. However, data at increasing
flow rate can differentiate the effects due to impurities from
those due to denaturation. Multiwavelength detection may be
needed, however, since overall front shapes may not change.

In isocratic elution, peaks of native and denatured forms
cannot be fully separated because of the denaturation reaction.
Surface induced denaturation can also be detected by incu-
bation adsorbed samples for different periods of time, followed
by elution. Introduction of an interfering component to a
denaturing system was shown to modulate the rate of solid
phase denaturation by occupying some of the denaturing sites.
If the denatured species is irreversibly bound, repeated cycling
will show apparent adsorption hysteresis and loss of capacity.

The model showed that a higher flow rate or a shorter column
length will reduce the degree of denaturation due to exposure
to sorbents, but of course harm resolution. Using larger par-
ticles to reduce column pressure drop also reduces resolution
by causing additional band spreading. The result is a higher
effective reaction rate which masks denaturation. Peak split-
ting due to denaturation is more pronounced at low feed con-
centrations than at high concentrations. At nonlinear isotherm
concentrations, an increase in pulse size will cause the splitting
peaks to merge into one peak with a sharp front and long
tailing.

In gradient elution, peak resolution, peak elution order, and
relative peak heights are all highly dependent on the gradient
conditions. Resolution between the two forms can be aided by
longer columns or slower flow rates. Greater dependence of
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denaturation rate on the mobile phase (more negative 3, ) gives
sharper peaks and can also improve resolution between native
and denatured peaks. Contrary to nonreacting systems, re-
ducing gradient slope can actually reduce resolution in dena-
turation systems if the potential for peak reversal is present.
The normal elution order of native form before denatured
form can be reversed by a large adsorption modulator constant
for the denatured form or by a change in the gradient slope
and flow rate. Thus, a biological activity assay or other analysis
may be needed for identification of the peaks.
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Notation
a = isotherm parameter, M(solid) M(pore) "
b = isotherm parameter, M(pore) ™'
Bi = Biot number
¢ = dimensionless concentration
_C = concentration, M
C; = capacity of exchanger, M(solid)
D> = Brownian diffusivity, cm?-min™'
D, = effective intraparticle diffusivity, cm?-min~'
Dg, = Damkohler number; ratio of adsorption/desorption rate to
film mass-transfer rate
E, = axial dispersion coefficient, cm?-min~'
G = dimensionless gradient slope, defined by Eq. 12
I = nonreacting molecular species
k, = reaction rate constant, min~'
k, = film mass-transfer parameter, cm-min ™'
Ke = size exclusion factor
¢, = reaction rate constant of adsorption, M(pore) 'min "
f_ = reaction rate constant of desorption, min™'
L = column length, cm
N = molecular species
N, = number of components
N; = ratio of film mass-transfer rate to convection rate
N;, = ratio of (solid phase) reaction rate to convection rate
N,, = ratio of adsorption/desorption rate to convection rate
N, = ratio of diffusion rate to convection rate
N, = number of reactions
P = molecular species
Pe = Peclet number
r = particle position, cm
R = particle radius, cm
Re = Reynolds number
S = gradient slope, min™'
S, = adsorption/desorption modulator constant
t = time, min
u, = interstitial velocity, cm-min™'
V = volume of input pulse, mL
x = dimensionless column position
Y = generation term
z = column position, cm
Subscripts
b = bulk phase '
e = maximum inlet concentration
f = current inlet concentration
i,j = component counters
m = reaction counter
p = particle phase
P = relating to input pulse
T = loading term for pulse input
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Superscripts

solid phase
equilibrium isotherm simulation
initial or limiting value

*

0

W

Greek letters

B = reaction modulator constant
A = change

¢, = interparticle void fraction

¢, = intraparticle porosity

8 = dimensionless time

¢ = dimensionless particle position
g = coefficient of component in reaction equation
¢’ = solid-phase reaction order

7 = percolation time, min

¢ = modulator fraction

¢, = loading factor

&’ = Thiele modulus
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