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a b s t r a c t

Surface plasmon resonance (SPR) spectroscopy is used as a scaled-down, analytical, pseudo-
chromatography tool for analyzing protein binding and elution over an ion-exchange surface under cyclic
sorption conditions. A micrometric-scale adsorption surface was produced by immobilizing a typical
ion exchange ligand – diethylaminoethyl (DEAE) – onto commercially available planar gold sensor chip
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surfaces pre-derivatized with a self-assembled monolayer of 11-mercaptoundecanoic acid with known
density. An explicit mathematical formulation is provided for the deconvolution and interpretation of
the SPR sensorgrams. An adsorption rate model is proposed to describe the SPR sensorgrams for bovine
serum albumin, used here as model protein, when the DEAE surface is subjected to a cyclic series of bind-
ing and elution steps. Overall, we demonstrate that the adsorption rate model is capable of quantitatively
describing BSA binding and elution for protein titers from dilute conditions up to overloaded conditions

conce
and a broad range of salt

. Introduction

Process design and optimization are critical tasks in any phar-
aceutical industrial process; the time and resources allotted

or R&D tasks are relevant issues [1,2]. This becomes particularly
rucial within the scope of biopharmaceuticals for gene therapy
r vaccination, comprising complex structures, such as mono-
lonal antibodies, virus-like particles, or viruses. Indeed, these
roducts commonly derive from highly costly animal cell-based
pstream productions. Hence, the optimization of such processes
ecomes mandatory in the interest of cost and time savings. Scaled-
own models, often used in high-throughput technologies, are
eing considered as viable options for early stage process devel-
pment [3–5], including downstream processing steps such as
on-exchange chromatography, which is one of the core purifica-
ion steps for biopharmaceuticals [6–13]. High-throughput robotics
perating with multi-micro-sized matrices are able to generate a

onsiderable amount of data covering the n-dimensional design
pace for the selected n-critical process variables [14]. By using
hese high-throughput methodologies, the bottleneck seems now
o be moving towards data processing and subsequent integration.

∗ Corresponding author at: IBET/ITQB-UNL, Apartado 12, P-2781-901 Oeiras, Por-
ugal. Tel.: +351 214469360; fax: +351 214421161.

E-mail addresses: mjtc@ibet.pt, mjtc@itqb.unl.pt (M.J.T. Carrondo).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.01.068
ntrations.
© 2010 Elsevier B.V. All rights reserved.

This drawback opens up the need for a more focused scaled-
down rationale, capable of ultimately yielding better and more
selective data for facilitating further optimization choices. In the
context of multicomponent adsorption processes, including ion-
exchange chromatography, the understanding of how the different
contaminants interact with the stationary phase provides clues and
guidelines for finding the best strategy for process design and opti-
mization.

Surface plasmon resonance (SPR) is a spectroscopic technique
with a wide variety of applications (established over the last cou-
ple of decades) whenever an interaction between two entities is
involved— a ligand, immobilized on a surface, and an analyte, flow-
ing over that surface [15–17]. Moreover, SPR permits simpler and
faster label-free, real-time interaction analyzes between those two
entities than other analytical technologies [18]. By producing inter-
action data using highly reduced amounts of material in each run,
SPR can play a significant role in the design of adsorption processes,
including ion-exchange chromatography. Such analytical technol-
ogy may be used as a cost-effective aid for the early stage systematic
screenings of stationary phases, buffer conditions, and chromato-
graphic steps.
An SPR sensor mainly consists of a surface support with a metal
(typically gold) and a film of fluid flowing over the surface, thus
allowing for possible interactions between the gold surface and the
liquid. Commercially available SPR-based sensors can be extremely
sensitive; in fact, they can detect, within a fraction of a second,

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:mjtc@ibet.pt
mailto:mjtc@itqb.unl.pt
dx.doi.org/10.1016/j.chroma.2010.01.068
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ery small refractive index (RI) changes within the film delimited
n the depth of the sensing evanescent electromagnetic field [19].

hen such a sensor is functionalized with selective ligands for
ny given molecule (either chemical or biochemical), then selective
bio)chemical sensors can be custom-made. A straightforward and
elf-controlled means to prepare a functionalized sensor surface
rom an untreated gold one is to use self-assembled monolay-
rs (SAMs) using thiolate compounds [20]. SAMs – particularly
hose formed by adsorption of long chain alkanethiols over gold
urfaces – are especially suited for studying interactions between
ost-functionalized surfaces and proteins or other particles [20].
hese compounds self-generate well defined, synthetic surfaces
ith known molecular and macroscopic properties, thus allowing

or consistent fundamental studies. This is particularly relevant if a
AM is used as a linker to a layer of covalently coupled functional
roups (at known stoichiometry) [21]. 11-Mercaptoundecanoic
cid (MUA) has been utilized in different applications for the cova-
ent immobilization of ligands to study complex biological analytes,
uch as viruses [22,23].

The quantitative interpretation and modeling of SPR rendered
ata, including cases where different SAM layers are used, has
een addressed in the literature [18,19]. However, a detailed
nalysis for a sensor chip surface functionalized with a layer of
on-exchange ligands, mimicking the undergoing mechanisms of
dsorption equilibrium and kinetics on a typical adsorbent surface,
s still unavailable.

In the present work SPR spectroscopy is used as a scaled-
own, analytical tool for analyzing protein binding and elution
ver an ion-exchange surface under cyclic adsorption conditions.
e review the principles of SPR spectroscopy and establish the

equired calibration procedures and analytical formulae for con-
erting the SPR signal shift into surface concentration of adsorbed
rotein. We propose two different adsorption rate models that
ualitatively describe the general trends observed in the SPR sen-
orgrams for bovine serum albumin (BSA) – used here as model
rotein – when the DEAE surface is subjected to a cyclic series
f binding and elution steps. By carefully analyzing the adsorp-
ion/desorption plateaus we show that it is possible to exclude one
f the kinetic models. Furthermore, by performing SPR experiments
t different salt concentrations, the dependency of binding capacity
nd rate constants on salt concentration can be established. Overall,
e demonstrate that the resulting adsorption rate model quantita-

ively describes the SPR sensorgrams for protein titers from dilute
onditions up to overloaded conditions and a broad range of salt
oncentrations.

. Materials and methods

.1. Sensor surface preparation

Biacore gold sensor chip surfaces (Biacore/GE Health-
are, Uppsala, Sweden) were modified according to protocols
escribed in the literature [20,22], but with some adjust-
ents. 11-Mercaptoundecanoid acid (MUA) (NanoThinksTM

CID11 solution from Sigma–Aldrich, München, Germany) and
-diethylaminoethylamine (DEAEA) (99% purity grade from
igma–Aldrich) were used as thiolate for SAM preparation and
igand coupling compound, respectively. A Leica AR200 digital
andheld refractometer (Leica Microsystems, Wetzlar, Germany)
as used to monitor the RI changes throughout the MUA-SAM

mmobilization procedure.

The gold sensor chip surface was first equilibrated with ultra-

ure, deionized water, at 18.2 M� cm. The surface was sanitized
ith 0.1 M NaOH and 1% TritonTM X-100 (Sigma–Aldrich) and then

e-equilibrated in 10 mM 4-morpholineethanesulfonic (MES) acid
uffer (Sigma–Aldrich) at pH 5.0. Ethanol was then used to washout
1217 (2010) 2032–2041 2033

the buffer and the surface was exposed directly to the ACID11
solution (5 mM MUA in ethanol) and left overnight in a closed com-
partment inside a laminar flow bench. The freshly formed SAM of
MUA was rinsed with ethanol and re-equilibrated with the 10 mM
MES buffer previously used until the RI stabilized. The sensor chip
was then docked into the SPR system – a BiacoreTM 2000 (Bia-
core/GE Healthcare) – for DEAEA immobilization by amide coupling
chemistry. The same MES solution was used as running buffer for
the duration of the immobilization procedure.

Freshly prepared solutions of 0.4 M 1-ethyl-3-(3-
dimethylamino-propyl)carbodiimide hydrochloride (EDC) and
1.0 M N-hydroxysuccinimide (NHS) (amine coupling kit from
Biacore/GE Healthcare) in water were mixed 1:1 and injected in
a pulse of 200 �L at 20 �L/min to activate the terminal carboxyl
group for amide bond formation. 1.0 M DEAEA in MES running
buffer was added in serial 100 �L pulses at 20 �L/min until the SPR
signal stabilized. Although there are four flow sensing cells avail-
able in the Biacore sensor chip, only one flow cell was derivatized
with DEAEA to allow the comparison of SPR adsorption data from
MUA against MUA-DEAE. All buffers and solutions were prepared
sterile and degassed prior to use.

2.2. SPR experiments

The SPR experiments were performed on a Biacore 2000 sys-
tem at 25 ◦C. Analytical grade (> 98% electrophoresis purity) BSA
was purchased from Merck KGaA (Darmstadt, Germany). It is well
known that commercial BSA samples contain a substantial frac-
tion (5–20%) of covalent dimmer; the actual amount in our freshly
prepared BSA solutions is estimated to be ca. 6%, from analyt-
ical size-exclusion chromatography on a Superdex 200 column.
This residual fraction is believed to have only a minor influence
on the experimental results. This assumption is supported by the
closeness between our estimate of the thickness of the adsorbed
monolayer, obtained from calibration experiments at a high salt
concentration (see discussion below), and the BSA diameter cal-
culated from its molecular weight and mass density; these two
lengths are much smaller than the diameter of the covalent dim-
mer. All buffers were prepared sterile and degassed prior to use in
the equipment.

The experiments were performed at constant flow rate of run-
ning buffer and sample injection of 100 �L/min. Each run consisted
of the following sequence of steps repeated over three or four
cycles: (i) equilibration of the flow cell with running buffer at a
prescribed NaCl concentration (c0); (ii) injection of 100 �L of BSA
solution at given concentration (c0, cB); (iii) desorption and equi-
libration with running buffer (again, at c0). Before starting a new
run, the flow cell was subjected to an aggressive desorption step
using 100 �L of 1.5 M NaCl in 20 mM phosphate buffer at pH 6.8
(c0,ref), and then cleaned/sanitized with 100 �L of 0.1 M NaOH for
complete regeneration of the surface.

DEAE ligands and SAM’s have been shown to be fully resistant
to pulses of NaOH (or HCl) up to 1 M [24]. The baseline stability was
controlled throughout the course of each experiment. All sensor-
grams were duplicated by repeating each run once for confirmation
of their reproducibility and surface regeneration.

3. Supporting theory for SPR data analysis

In order to quantitatively analyze SPR data under adsorption
conditions one must first understand the underlying probing mech-

anism of the Biacore machine—the medium’s RI within the sensing
evanescent field depth. The RI of an aqueous salt solution (0) with
concentration c0 is

�0 = �̃w + (�̃0 − �̃w)�0c0, (1)
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�m = �0 + (�̃B − �0)�Bcm, (15)

where cm (M) is the solute concentration in the volume occupied by
the adsorbed monolayer; cm can be converted into a surface con-
centration, q (g/dm2), through the simple formula q = dmcm. If the
034 T. Vicente et al. / J. Chroma

here c0 (M) is the salt concentration, �0 is the molar volume of the
alt ions (M−1), �̃w is the RI of water, and �̃0 is the RI of the salt ions.
imilarly, the RI of the aqueous salt solution with a given dissolved
olute (B) (this can take the form of any analyte, e.g., a protein), can
e expressed as

B = �0 + (�̃B − �0)�BcB, (2)

here cB (M), �B (M−1) and �̃B are the concentration, specific vol-
me, and RI of the dissolved solute, respectively.

The Biacore’s signal, R(�), expressed in resonance units (RU), is
function of the measured RI in the flow cell, �; if � does not vary
reatly (i.e., if the shift �� is not very large), then the corresponding
hange in the Biacore signal, �R, will be proportional to the change
n �, that is, �R = m �� [19]. It is also known that � is not probed
niformly over the depth of the flow cell height, but proportionally
o the intensity of light at each point. Thus, the effective RI measured
y the Biacore system, �eff, is the average of � over the depth of the
vanescent electromagnetic field [19]:

eff = 1
dp

∫ ∞

0

�(z)e−z/dp dz, (3)

here dp is the effective penetration depth; for the case of the
iacore 2000 machine, dp ≈ 150 nm.

Let us first consider the case of a uniform adsorbent film of
hickness ds, attached to the metal sensor surface, under condi-
ions where there is no adsorption from the fluid solution flowing
ver its surface (this is the case, e.g., when the salt concentration is
arge enough to suppress solute binding). The RI of this adsorbent
lm, �s, is constant unless there are external perturbations, such as
temperature change in the flow cell, which is not the case in the
resent work. Assuming that �s is constant, Eq. (3) can be rewritten
s follows:

eff = �s

dp

∫ ds

0

e−z/dp dz + 1
dp

∫ ∞

ds

�(z)e−z/dp dz

= �s(1 − e−ds/dp ) + 1
dp

∫ ∞

ds

�(z)e−z/dp dz

= �s(1 − �s) + �′
eff, (4)

here �s = exp(−ds/dp). In the absence of adsorption, �(z) = � for
> ds, where � is the bulk solution’s RI, and �′

eff = ��s. Therefore,
nder non-adsorbing conditions, �eff is given by

eff = �s + �s(� − �s). (5)

hen the salt solution has no dissolved solute (c0 > 0, cB = 0), the
ffective RI, �0,eff, is given by Eq. (5) with � replaced by �0 defined
y Eq. (1); the result is

0,eff = �s + �s[(�̃0 − �̃w)�0c0 + �̃w − �s]. (6)

f the baseline (or reference) signal is established for a salt solution
ith concentration c0,ref, then the change in the effective RI when

he salt concentration is altered to c0 is

�0 − �0,ref)eff = �s(�̃0 − �̃w)�0(c0 − c0,ref). (7)

he corresponding signal shift in the Biacore system is

R = m(�0 − �0,ref)eff = m0(c0 − c0,ref), (8)

here m0 = m�s(�̃0 − �̃w)�0 is the slope of the linear fitting (with
ntercept set to zero) of �R against (c0 − c0,ref).
When solute is added to the reference salt solution (c0 = c0,ref,
B > 0) and flown over the sensing surface under non-adsorbing
onditions, the effective RI is given by

�B,ref)eff = �s + �s(�B,ref − �s), (9)
A 1217 (2010) 2032–2041

where �B,ref is defined by Eq. (2) with �0 = �0,ref. The corresponding
change in the RI is obtained as follows:

(�B,ref − �0,ref)eff = �s(�̃B − �0,ref)�BcB

= �s[(�̃B − �̃w) − (�̃0 − �̃w)�0c0,ref]�BcB (10)

and the shift of the Biacore signal is given by

�R = m(�B,ref − �0,ref)eff = (mB − m0�Bc0,ref)cB (11)

where mB = m�s(�̃B − �̃w)�B. Note that mB − m0�Bc0,ref is the slope
of a linear fitting (with intercept set to zero) of �R vs cB. Once m0
and mB are known, we can predict the shift in the Biacore signal
due to the change in the effective RI, (�B − �0,ref)eff, of an aque-
ous buffer with salt concentration c0 and solute concentration cB
(assuming that the baseline was defined for the buffer salt solution
with concentration c0,ref) using the expression:

�R = (mB − m0c0�B)cB + m0(c0 − c0,ref). (12)

The more complex case where there is solute adsorption onto the
adsorbent sensor surface film is depicted in Fig. 1. The aqueous
buffer solution in the bulk has salt concentration c0 and protein
concentration cB; the thickness of the adsorbed layer is dm and
its inter-solute volume is filled with buffer solution assumed to
contain the same salt concentration as that of the bulk. In Fig. 1,
dm is assumed to be equal to the diameter of the adsorbed solute
molecules, in accordance with the formulation of a single adsorbed
monolayer, though this is not a restriction imposed in our for-
mulation. The effective RI probed by the Biacore machine, �m,eff,
is

�m,eff = �s

dp

∫ ds

0

e−z/dp dz + �m

dp

∫ ds+dm

ds

e−z/dp dz

+ �B

dp

∫ ∞

ds+dm

e−z/dp dz, (13)

yielding

�m,eff = �s + �s(�m − �s) + �s�m(�B − �m), (14)

where �m = exp(−dm/dp). Here, �m and �B are the RI’s of the
adsorbed monolayer and of the bulk aqueous solution (c0, cB),
respectively.

Considering the adsorption model shown in Fig. 1, and assuming
that the solute, when adsorbed, does not change neither its RI nor
its specific (or molar) volume, then the adsorbed monolayer’s RI is
Fig. 1. Schematic of solute monolayer adsorbed onto the film of thickness ds in the
Biacore sensor chip flow cell. The bulk aqueous concentration has salt concentration
c0 and solute concentration cB; the isolated (dry) solute’s RI is �̃B; aqueous solution is
assumed to fill the gaps between adsorbed solute molecules, with salt concentration
c0 and RI �0; the thickness of the adsorbed monolayer, dm, is roughly equal to the
diameter of the adsorbed solute.
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aseline’s RI is (�0,ref)eff (obtained with a salt solution of concentra-
ion c0,ref), then the change in the effective RI probed by the Biacore

achine will be

�m − �0,ref)eff = �s(�m − �0,ref) + �s�m(�B − �m). (16)

xpanding the two right-hand side differences yields:

�m − �0,ref)eff = �s(�̃B − �0)�B[cm + �m(cB − cm)] + �s(�0 − �0,ref).

(17)

he corresponding shift in the Biacore signal is

R = (mB − m0c0�B)[cm + �m(cB − cm)] + m0(c0 − c0,ref). (18)

olving for cm gives:

m = �R − m0(c0 − c0,ref)
(1 − �m)(mB − m0c0�B)

− �m

1 − �m
cB. (19)

qs. (18) and (19) are the most general ones since they encom-
ass all the cases discussed above. For example, setting �m = 1 (i.e.,
m = 0) eliminates the adsorbed monolayer; setting cm = cB sets
he solute concentration in the adsorbed monolayer equal to that
n the bulk solution and the two phases become optically indistin-
uishable. In both cases, Eq. (18) correctly reduces to Eq. (12).

Eq. (11) shows that mB can be determined from the slope b of
he linear fitting (with intercept equal to zero) of �R against cB, as

B = b + m0�Bc0,ref. These calibration experiments, however, must
e carried out under conditions where the solute does not adsorb;
his may be difficult to achieve in practice. When the buffer condi-
ions are such that a large fraction of the surface is shielded against
dsorption, the adsorbed phase will quickly reach saturation con-
itions, that is, cm will attain a constant value for moderate values
f cB. Eq. (18) shows that, in this case, a plot of �R against cB
till exhibits a linear relationship for sufficiently large values of
B (i.e., those values of cB for which cm ≈ const.), but with slope
qual to �m(mB − m0�Bc0,ref) and intercept equal to (1 − �m)(mB −
0�Bc0,ref)cm. Under these conditions, an estimate of �m, and of

he resulting dm, can be obtained by noticing that the slope of
�0 − �0,ref)eff against (c0 − c0,ref) yields �s(�̃0 − �̃w)�0 = m0/m (cf.
qs. (7) and (8)) and that the slope of (�B − �0,ref)eff against cB gives
s(�̃B − �0,ref)�B = [�m(mB − m0�Bc0,ref)]/m (cf. Eqs. (10) and (11));
uch measurements can be performed with a refractometer.

. Adsorption/desorption rate model

In this section we formulate a general adsorption/desorption
ate model capable of quantitatively explaining the SPR sensor-
rams for the interaction of BSA with the DEAE-SAM surface under
ontinuous cycling of the solute concentration. As described in
ection 2.2, each SPR experiment consisted of a series of adsorp-
ion/desorption cycles, where during the adsorption step the sensor
hip was contacted with buffer solution with given salt and pro-
ein concentrations; after binding, buffer alone was introduced to

onitor the desorption kinetics. This sequence was repeated over
hree or four cycles. We observed partial irreversible binding of the
rotein onto the DEAE-SAM surface (or subject to a very slow dis-
ociation kinetics which was imperceptible for the duration of the
esorption step) and a slight increase of the binding plateau from
ycle to cycle, but tending to a constant, asymptotical value.

Based on these observations, it is assumed that only part of
he protein is reversibly adsorbed, whereas the other part binds

rreversibly to the stationary phase. Moreover, we consider that
he irreversible adsorption process is the result of two bind-
ng mechanisms operating in parallel: one in which irreversible
dsorption takes place from the reversibly adsorbed phase, and
nother in which irreversible adsorption takes place directly from
Fig. 2. Kinetic model for reversible/irreversible protein adsorption.

the liquid phase. Two possible types of irreversible binding mech-
anisms are considered: in mechanism A, irreversible adsorption
from the reversibly adsorbed phase is an autonomous process
that is independent of the protein concentration in the liquid
phase; in mechanism B, irreversible adsorption from the reversibly
adsorbed phase depends on the frequency of collisions or interac-
tions between the proteins in the reversibly adsorbed phase and
those contacting liquid solution. The two mechanisms are illus-
trated in Fig. 2.

Let q1 be the concentration of irreversibly bound protein and
q2 the protein concentration in the reversibly adsorbed phase. For
mechanism A, the irreversible binding kinetics can be written as

dq1

dt
= krcB(q̃∞

1 − q1) + k′
rq2, (20)

where kr is the rate constant for irreversible adsorption from
the bulk, k′

r is the rate constant for irreversible binding from the
reversibly adsorbed phase and q̃∞

1 is the apparent capacity of the
stationary phase for irreversible binding; this capacity is apparent
because some of the sites for irreversible binding may be shielded
by the presence of reversibly adsorbed proteins. Hence

q̃∞
1 = q∞

1 − �12q2, (21)

where �12 is a steric factor: it gives the number of irreversible
binding sites shielded by the reversibly adsorbed proteins. For
mechanism B, the corresponding equation is

dq1

dt
= krcB(q̃∞

1 − q1) + k′
rcBq2. (22)

The difference between mechanisms A and B is that for the for-
mer the rate of irreversible adsorption from the reversibly adsorbed
phase is proportional to q2 whereas for the latter it is proportional
to cBq2 (cf. Fig. 2).
Assuming a Langmuirian kinetic model for reversible adsorp-
tion, we can write for mechanism A:

dq2

dt
= kacB(q̃∞

2 − q2) − (kd + k′
r)q2, (23)
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In solution, BSA is a prolate ellipse (cigar-shaped) with an axial
ratio of about four; if the assumed BSA radius is calculated from its
molecular weight and mass density, then the thickness of the planar
monolayer will be dm = 2 × 26.9 Å = 53.8 Å [26]. According to our

Table 1
BSA physical properties [26].
036 T. Vicente et al. / J. Chroma

here ka and kd are the forward and reverse rate constants for
eversible adsorption, respectively, and q̃∞

2 is the apparent capacity
f the stationary phase for reversible binding. Again, the adsorption
apacity is apparent because some of the sites for reversible binding
ay be shielded by the presence of irreversibly adsorbed proteins:

˜∞
2 = q∞

2 − �21q1. (24)

or mechanism B the kinetic model is

dq2

dt
= kacB(q̃∞

2 − q2) − kdq2 − k′
rcBq2 = kacB(q̃∞

2 − q2)

− (kd + k′
rcB)q2. (25)

t equilibrium (which we denote by an overbar):

dq1

dt

)
=

(
dq2

dt

)
= 0, (26)

hich allows us to determine closed-form expressions for the
dsorption isotherms, q̄1(cB) and q̄2(cB).

One way to discriminate between the two types of irreversible
inding mechanisms is to compare the dependencies between q̄1
nd q̄2 given by Eqs. (20) and (22). For mechanism A, we get

¯ 1 = q∞
1 +

(
k′

r
kr

− �12cB

)
q̄2

cB
, (27)

hereas for mechanism B the expression is

¯ 1 = q∞
1 +

(
k′

r
kr

− �12

)
q̄2. (28)

learly, for mechanism B, q̄1 varies linearly with q̄2 with an ordinate
nd a slope that are independent of cB.

Let us assume temporarily that the shielding effect can be
eglected. In this case, Eqs. (27) and (28) simplify to

¯ 1 = q∞
1 +

(
k′

r
kr

)
q̄2

cB
(mechanism A) (29)

¯ 1 = q∞
1 +

(
k′

r
kr

)
q̄2 (mechanism B). (30)

hus for mechanism A, q̄1 varies linearly with q̄2/cB, whereas for
echanism B, q̄1 varies linearly with q̄2; in both cases the ordinate

nd slope are positive.
The saturation capacities, q∞

1 and q∞
2 , and hence the total satu-

ation capacity q∞ = q∞
1 + q∞

2 , are expected to be modulated by the
alt concentration, as is the case for a typical ion-exchange matrix.
he higher the counterion concentration, the lower the binding of a
iven solute assuming that no other effects are impacting the over-
ll adsorption process onto the SPR sensor chip. Thus, an empirical
orrelation of the form:

∞ = q∞
0 ekc0 or q∞ = q∞

0 ck
0 (31)

s adopted here; in Eq. (31), q∞
0 is the maximum attainable adsorp-

ion capacity at residual ionic strength and k < −1 is an empirical
onstant. The second expression for q∞ in Eq. (31) is similar to the
athematical formulation used in the steric mass action formalism

or the interpretation of adsorption by ion exchange [25].

. Results and discussion

.1. Calibration of Biacore signal

The Biacore signal was calibrated using various solutions with

ifferent salt (c0) and BSA (cB) concentrations and a baseline defined
or a buffer solution with salt concentration c0,ref = 1.5 M NaCl.
irst, salt solutions with different c0 values were injected into
he Biacore cell and the corresponding signal shifts measured
Fig. 3a). The linear fitting (with intercept set to zero) of �R against
Fig. 3. (a) Experimental SPR signal shift, �R, as a function of salt concentration,
c0 − c0,ref (c0,ref = 1.5 M NaCl) and (b) experimental SPR signal shift, �R, as a function
of bulk protein concentration, cB, under low binding conditions (c0 = c0,ref = 1.5 M
NaCl).

(c0 − c0,ref) yielded m0 = m�s(�̃0 − �̃w)�0 = 9898.1 RU/M with an
excellent regression coefficient (r2 = 0.9998); this linearity is in
complete agreement with Eq. (8). This calibration accounts for the
salt concentration effect without the presence of solute in suspen-
sion.

To account for the effect of BSA in solution (c0, cB > 0) a set of
BSA concentrations in buffer with salt concentration c0 = c0,ref =
1.5 M NaCl was used (Fig. 3b). This salt concentration was high
enough to reduce BSA adsorption to a residual level, so that the
Biacore signal shifts yielded a straight line when plotted against
cB in accordance with Eq. (18) when cm has a constant value. The
linear fitting of �R vs cB yielded a slope �m(mB − m0�Bc0,ref) =
164.43 RU/(g/L), again with a very good regression coefficient:
r2 = 0.9986 (Fig. 3b).

The main physical properties of BSA are listed in Table 1[26];
from the data, �B = 7.553 × 10−4 L/g, hence m0�Bc0,ref =
10.92 RU/(g/L) and mB = 164.43/�m + 10.92 = 179.79 RU/(g/L).
Eq. (19) can now be applied for converting the SPR signal (�R)
into concentration values of adsorbed protein, cm (g/L) and
q(g/dm2) = 10−8d c , with d in nm.
Molecular weight 66.7 kDa
Dimensions 4 nm × 4 nm × 14 nm
Radius based on sphere 2.69 nm
Density 1360 g/L
Isoelectric point 4.9
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dq2

dt
= kacB(q∞

2 − �21q1 − q2) − (kd + k′
rcB)q2. (36)

Fig. 5. Evaluation of the suitability of mechanisms A and B for the description of
ig. 4. Schematic of the n th adsorption/desorption cycle for a Biacore experiment.

odel, dm can be determined from the obtained values of m0 and
B and RI measurements as follows: plotting (�0 − �0,ref)eff against

c0 − c0,ref) yields the slope:

s(�̃0 − �̃w)�0 = m0

m
(32)

nd plotting (�B − �0,ref)eff against cB yields the slope:

s(�̃B − �0,ref)�B =
[
�m(mB − m0�Bc0,ref)

]
m

. (33)

rom these linear plots the calculated value dm is dm,�-based ≈
.6 nm, which is closely comparable to the reference value of
.38 nm. This supports the applicability of Eqs. (18) and (19) derived
rom our theory for SPR data analysis.

.2. Analysis of BSA sensorgrams

The SPR experiments were performed at Biacore’s maximum
ow rate (100 �L/min) to avoid mass transfer limitations. These
ere, in fact, negligible when compared to the sorption rates at

he tested conditions; a two-compartment, mass transport model
oupled to our kinetic model showed no detectable impact on the
pparent adsorption/desorption rates (see Appendix A).

Fig. 4 shows the schematic of an adsorption/desorption
ycle (say the nth one) for a Biacore experiment. The dura-
ions of the adsorption and desorption steps are �(n)

a and �(n)
d ,

espectively. At the end of the adsorption step the SPR signal

s �R
(n)
a and corresponds to {cB, q̄(n)

1 , q̄(n)
2 }, i.e., {bulk protein} +

irreversibly adsorbed protein} + {reversibly adsorbed protein}.
hen the desorption step begins, the bulk protein is immediately

emoved due to the high flow rate used (100 �L/min) compared
o the flow chamber volume (approximately 60 nL) and the con-
itions in the flow cell change to {0, q̄(n)

1 , q̄(n)
2 }; the SPR signal

hen decays until it stabilizes at a value �R
(n)
d corresponding to

0, q̄(n)
1 , 0}, i.e., when only irreversibly adsorbed protein remains in

he sensor chamber.
If the step durations, �(n)

a and �(n)
d , are long enough, then the SPR

ignals, �R
(n)
a and �R

(n)
d , at the end of the respective steps corre-

pond to steady state conditions in the sensor chamber (which are
enoted by an overbar in our rate model); these are characterized
y an horizontal plateau in the sensorgrams (i.e., the SPR signal
ecomes constant). This was found to be the case for most of the
uns, particularly for the desorption steps. For those cases where

he SPR signal had not yet attained a constant value at the end of
he step, the signal was extrapolated to infinite time by fitting the
symptotic part of the signal to a first-order dynamics:

R(t) = ˛ − ˇ exp(−t/�), (34)
1217 (2010) 2032–2041 2037

where ˛, ˇ and � > 0 are fitting parameters; the asymptotic value
of �R(t) for large values of time was estimated as the value of the

fitted parameter ˛. Using Eq. (18), the value of �R
(n)
a was converted

into the value of q̄(n)
1 + q̄(n)

2 and that of �R
(n)
d into the value of q̄(n)

1 .
From the analysis of the adsorption/desorption plateaus it is

possible to make a first assessment of the adequacy of the two rate
models – mechanisms A and B developed in Section 4 – incorpo-
rating different mechanisms for irreversible binding. According to
mechanism A, q̄(n)

1 should vary linearly with q̄(n)
2 /cB with positive

ordinate and slope, whereas for mechanism B, q̄(n)
1 should change

linearly with q̄(n)
2 with positive ordinate and slope. As shown in

Fig. 5, the experimental results reject mechanism A and support
mechanism B.

Therefore, the most suitable kinetic model (mechanism B) can
be stated as

dq1

dt
= krcB(q∞

1 − �12q2 − q1) + k′
rcBq2, (35)
the dynamics of the SPR adsorption/desorption cycles: (a) q̄1 vs q̄2/cB plot (mecha-
nism A); linear regression coefficient, r2, is 0.964, 0.975, and 0.983 for c0 = 0.025 M,
c0 = 0.30 M, and c0 = 1.5 M, respectively; note that all slopes are negative in dis-
agreement with Eq. (29); (b) q̄1 vs q̄2 plot (mechanism B); r2 is 0.951, 0.995, and
0.999 for c0 = 0.025 M, c0 = 0.30 M, and c0 = 1.5 M, respectively; note that all slopes
are positive in agreement with Eq. (30).
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Fig. 6. Inverse plots of adsorption against bulk concentration: (a) 1/q̄1 vs 1/cB; linear
r
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egression coefficient, r2, is 0.999, 0.984, and 0.975 for c0 = 0.025 M, c0 = 0.30 M,
nd c0 = 1.5 M, respectively; (b) 1/q̄2 vs 1/cB; r2 is 0.998, 0.998, and 0.986 for c0 =
.025 M, c0 = 0.30 M, and c0 = 1.5 M, respectively.

or this type of kinetic model, the reversible adsorption isotherm
i.e., the equilibrium dependency of q̄2 with cB) is

¯ 2 = (q∞
2 − �21q∞

1 )kacB

kd + [k′
r + ka + �21(k′

r/kr − �12)ka]cB
, (37)

hich is a Langmuir-type isotherm, i.e.:

¯ 2 = 	b2cB

1 + b2cB
, (38)

here

2 = k′
r + ka[1 + �21(k′

r/kr − �12)]
kd

, 	b2 = ka(q∞
2 − �21q∞

1 )
kd

. (39)

Fig. 6 shows plots of 1/q̄1 and 1/q̄2 against 1/cB. From the plot

f the inverse of q̄2 against the inverse of cB it is evident that Eq.
37) does apply for the reversible adsorption isotherm, q̄2(cB), and
hat the irreversible component, q̄1(cB), is the sum of a Langmuir
sotherm model and a constant – derived in our model as q∞

1 – in
ccordance with Eqs. (30) and (37) (cf. Fig. 6). Note that the linear

able 2
odel parameters estimated from three Biacore training experiments with BSA injection

c0 (M) kd (s−1) kr (dm3 g−1 s−1) k′
r (dm3 g−1 s−1) ka (dm3 g

0.025 0.051 0.017 0.0192 0.034
0.300 0.056 0.017 0.0221 0.020
1.500 0.128 0.016 0.0031 0.085
A 1217 (2010) 2032–2041

regression coefficients in Fig. 6b are very acceptable, confirming
the Langmuir-type adsorption behavior implied by Eq. (38). The
inverse plot for q̄1 shows also a very reasonable correlation; this can
be explained by Eq. (28), which expresses the irreversible adsorp-
tion component as an irreversible adsorption capacity (q∞

1 ) plus a
Langmuir-type isotherm (q̄2) scaled by a constant (k′

r/kr − �12).
As shown in both inverse plots of Fig. 6, the slope and

intercept are functions of the salt concentration showing evi-
dence of an ion exchange-type mechanism modulated by the
concentration of the salt counterion, Cl−. Although it is not
apparent from the inverse plots, the adsorption equilibrium data
extracted from the various SPR sensorgrams span protein concen-
trations from dilute conditions, where Henry’s law prevails, up
to overloaded conditions, where the adsorbed monolayer is near
completed.

Let us now analyze the adsorption and desorption rates. Dur-
ing the desorption step, cB = 0; the equations governing the
dynamics for this step (under the assumption of negligible mass
transfer resistance between the bulk and the sensor surface)
are:

dq(n)
1

dt
= 0, (40)

dq(n)
2

dt
= −kdq(n)

2 . (41)

The solution is simply

q(n)
1 = q̄(n)

1 , q(n)
2 = q̄(n)

2 exp
(

−kdt(n)
d

)
. (42)

Therefore:

ln q(n)
2 = ln q̄(n)

2 − kdt(n)
d , (43)

which shows that the rate constant kd can be estimated from a
ln q(n)

2 -vs-t(n)
d regression plot.

From Eq. (18) it easy to deduce that

�R(n)
d =

(mB − m0c0�B)(1 − �m)
[

q̄(n)
1 + q(n)

2

]
dm

+ m0(c0 − c0,ref).

(44)

The irreversible component, q(n)
1 = q̄(n)

1 , is constant during the des-

orption step, but the reversible component, q(n)
2 , decreases from

q̄(n)
2 to 0 as t(n)

d advances from 0 towards large time (∞). Let �R
(n)
d =

lim
t(n)
d

→∞�R(n)
d ; then

�R(n)
d − �R

(n)
d = (mB − m0c0�B)(1 − �m)q(n)

2
dm

(45)

and

ln
[

�R(n) − �R
(n)

]
= ln

[
(mB − m0c0�B)(1 − �m)

]
+ ln q(n). (46)
d d dm

2

Therefore, ln[�R(n)
d − �R

(n)
d ] and ln q(n)

2 both change with time at
the same rate; in both cases the slope of the linear change with t is
kd.

s at cB = 2.5 g/L and different salt concentrations, c0.

−1 s−1) 106q∞
1 (g dm−2) 106q∞

2 (g dm−2) �12 �21

2.79 5.29 ≈ 0 0.023
0.20 4.45 ≈ 0 0.025
0.17 1.13 ≈ 0 0.025
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Fig. 7. Model training using three SPR experiments with BSA at cB = 2.5 g/L and
different salt concentrations, c0 = 0.025, 0.30, and 1.5 M: (a) q = q1 + q2 vs t and (b)
�R vs t. The thick and thin lines correspond, respectively, to the model predictions
T. Vicente et al. / J. Chroma

Let us assume the case when shielding is negligible, i.e. when
12 and �21 both tend to 0. In this case, Eqs. (35) and (36) simplify
o

dq1

dt
= krcB(q∞

1 − q1) + k′
rcBq2, (47)

dq2

dt
= q∞

2 kacB − [kd + (ka + k′
r)cB]q2. (48)

rom Eq. (30) it is possible to determine q∞
1 and k′

r/kr. Rearranging
q. (37) gives

1
q̄2

= ka + k′
r

q∞
2 ka

+ kd

q∞
2 ka

1
cB

= ˛ + ˇ
1
cB

. (49)

rom the linear fitting of q̄2 vs cB we get q∞
2 ka = kd/ˇ and ka + k′

r =
d˛/ˇ. With this analysis, values of kd, q∞

2 ka and ka + k′
r can be

stimated; these are the required lumped parameters to solve Eq.
48). As to Eq. (47), the values of q∞

1 and the ratio k′
r/kr are already

nown; by curve fitting, kr and k′
r parameters can be estimated and

ll remaining unknown parameters can easily be calculated.
Once all parameters were estimated using the procedure

escribed above, their values were refined by taking protein shield-
ng into account. In this case the shielding factors, �12 and �21,

ere determined by nonlinear curve-fitting using the complete
inetic model. These fittings were performed using gPROMS, a
oftware package for the modeling and simulation of lumped and
istributed-parameter process models with combined discrete and
ontinuous characteristics [27]. The fittings were applied to sets
f sensorgrams obtained at different salt concentrations. Table 2
ummarizes the model parameters obtained using the procedure
xplained above: starting from an estimate of kd using Eq. (46), the
implified model (Eqs. (48) and (47)) was used to determine kr; all
arameters were then introduced in the complete model formula-
ion (Eqs. (35) and (36)) to refine the parameters and to estimate
alues for �12 and �21.

Fig. 7 shows the comparison between simulations and experi-
ental data at different salt concentrations. The results indicate a

airly good agreement between the experimental curves and our
dsorption/desorption rate model with the estimated parameters
Table 2). The proposed assumption that two distinct adsorption

echanisms occur simultaneously, one being reversible and simi-
ar to an exchange reaction between the free protein and a certain
umber of bound ions, and another, with an extremely low desorp-
ion rate, formally defined as an irreversible mechanism, seems to
uit well the experimental data.

Table 2 shows that the total BSA binding capacity of the
erivatized surface, q∞

1 + q∞
2 , is ca. 0.81 mg/m2 at 25 mM salt con-

entration; this value is less than the 5 mg/m2 typically found for a
rotein monolayer. It is important to note, however, that the bind-

ng capacity is strongly dependent on the ligand density of the
erivatized surface, and our guess is that the ligand density was

ow in our MUA-DEAE surfaces. This guess is supported, in part, by
he low values of the binding constants, e.g., b2 = 1.04 L/g at 25 mM
aCl, derived from the Langmuir adsorption isotherm model (cf.
qs. (38) and (39)). Another indication of low ligand density are the
mall values of the shielding factors, �12 and �21, obtained from
he fitting of the kinetic model; small values of � indicate that the
ound BSA molecules are spread over the derivatized surface with
mean distance between neighboring molecules large enough for

he shielding to have only a mild effect.
Figs. 5b, 6, and 7, as well as Table 2, show that both the reversible

nd irreversible adsorption mechanisms are sensitive functions of

he salt concentration. A speculation for this effect on the irre-
ersible adsorption component is that the degree of solvation of
oth the protein and the DEAE ligand sites, which is directly a
unction of salt concentration, inhibits the irreversible adsorp-
ion mechanism as it does for the reversible part. Indeed, when
and experimental data; increasing dark tone in gray lines corresponds to decreasing
salt concentrations; q is estimated from the experimental data using Eq. (19) and
dm = 5.6 nm.

the ionic strength or, more precisely, the salt concentration, are
increased, both the reversible and irreversible equilibrium adsorp-
tion amounts decrease exponentially with the salt concentration,
c0. Thus, similar trends are observed for the dependencies of q∞

1
and q∞

2 with c0: the larger the salt counterion concentration, the
smaller the amount of adsorbed protein, in line with a typical ion-
exchange surface using commercial matrices. These observations
emphasize that the micrometric-scale DEAE surface mimics well
an ion-exchange surface in terms of intrinsic adsorption capaci-
ties to different materials, even though other effects, such as the
three-dimensionality of a chromatography matrix or mass trans-
fer resistances, are not considered. Nevertheless, it is clear that by
changing the ligand type and/or its density, which can be accom-
plished using different SAM compositions, our SPR-based method
is well suited to small-scale studies of protein adsorption. In fact,
a scale-down factor of over 1200-fold is accomplished using this
strategy when compared to a commercially available Sartobind D
MA 15 unit from Sartorius-Stedim Biotech (with 15 cm2 total effec-
tive area).

In order to further validate the proposed model, SPR runs with
different injected BSA concentrations were compared against pre-
dicted simulation curves; the results are shown in Fig. 8. This data
set was used to test the extrapolation capability of the kinetic
model with the parameter values estimated above. Note that the
model parameters were estimated from SPR experiments at fixed
cB and varying c0. The results depicted in Fig. 8 show that the

changes in injected protein concentration are rather well predicted
by the model simulations; additionally, changes in c0 result in lower
adsorption and faster kinetics confirming the expected low or resid-
ual adsorption.
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Fig. 8. Model validation with cyclic SPR experiments of BSA binding and elution o
0.625, 1.25, 2.5, 5, and 10 g/L; (a) c0 = 0.025 M, (b) c0 = 0.30 M, (c) c0 = 1.5 M. The thick
data; increasing dark tone in gray lines corresponds to increasing protein concentration,
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Fig. A.1. Schematic of Biacore’s flow cell.

. Conclusions

Adsorption equilibrium and kinetics on a derivatized sur-
ace, containing an ion-exchange functional DEAE group, have
een measured and analyzed by SPR spectroscopy. BSA was
sed as a model protein for system development, implementa-
ion and testing. A complete mathematical description of the SPR
ensor mechanism was derived giving rise to simple algebraic

xpressions relating the protein concentration in the adsorbed
onolayer with SPR signal shift and protein and salt concen-

ration in the bulk solution. Using the calibrations performed
or salt and free protein in solution, the concentration of the
ver micrometric DEAE surface at different injected BSA concentrations, cB =
and thin lines correspond, respectively, to the model predictions and experimental
cB.

adsorbed protein monolayer could be directly obtained from the
SPR sensorgram data at different conditions of load and salt con-
centration.

An adsorption/desorption rate model, incorporating two differ-
ent adsorption mechanisms, was proposed as a means to explain
the SPR sensorgrams. The model is based on the assumption that
only part of the protein adsorbs reversibly, according to a Lang-
muirian kinetic model, whereas the other part binds irreversibly
to the DEAE surface; the kinetics of the latter is proportional
to the protein concentrations in the bulk and in the reversibly
adsorbed phase. The dependency between the estimated reversible
and irreversible adsorbed concentrations in the stationary phase
(herein mimicked by the customized chip surface) allowed us to
discriminate between two possible adsorption mechanisms; this
analysis suggests the presence of an adsorption scheme com-
patible with a first-order kinetics controlled by the reversibly
adsorbed solute and its concentration in the mobile phase. From
the SPR experiments it was possible to determine the adsorp-
tion isotherms for different salt conditions and to estimate the
parameters of the developed rate model. The results provided evi-
dence that the DEAE-SAM derivatized surface is a good mimic
of an ion-exchange surface, as far as intrinsic ion exchange-
related interactions are concerned, without considering transport
or exclusion phenomena only present in a chromatographic
matrix.
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(Baculogenes, LSHB-2006-037541 and Clinigene – Network
of Excellence, LSHB-2006-018933) and Portuguese Fundação
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ppendix A. Influence of mass transport on measured
inding rate constants

Fig. A.1 shows a schematic of the Biacore’s flow chamber. We
ssume that laminar flow is fully developed over the entire length
of the flow cell and neglect any variations along the z coordi-
ate. Under these assumptions, the velocity field (u, v), which is
he solution for fully developed laminar flow between two parallel
at plates, is

= 6 ū
(

y

h

)(
1 − y

h

)
, v = 0, (50)

here u and v are the velocity components along the x and y coor-
inates, respectively, and ū is the average velocity; ū is related to
he volumetric flow rate Q through ū = Q/(hw) (see Fig. A.1 for
he meaning of w and h). Given that h � dp, we can linearize the
elocity field near y = 0; this gives

(y) ≈ 6ū

h
y for y ≈ 0. (51)

At a flow rate of 100 �L/min = 100 mm3/min, the average axial
elocity of an analyte molecule in the flow cell is ū = 66.7 mm/s;
owever, the average axial velocity of the analyte molecules within

he fluid film delimited in the depth y ≤ dp of the evanescent
lectomagnetic field is reduced to ū′ = 0.6 mm/s. Nevertheless,
he characteristic residence time of these molecules in the vol-
me of fluid probed the Biacore sensor is only lc/ū′ = 1.6/0.6 =
.8 seconds (cf. Fig. A.1).

The effect of mass transfer on the analysis of the SPR signal is
sually described by a two-compartment model [18]:

p
dcB

dt
+

(
dq1

dt
+ dq2

dt

)
= km(co

B − cB), (52)

here km is the transport coefficient describing the diffusional flux
f solute from the bulk of the flow chamber, where its concen-
ration is co

B, into the inner compartment, where its concentration
s cB. As a matter of convenience, the inner compartment can be
aken as the layer of fluid delimited in the depth of the evanescent
lectromagnetic field, whose volume is lcwcdp (cf. Fig. A.1).

As discussed by Lok et al. [28] and Sjölander and Urbaniczky
29], it can be shown that, to a good approximation,
m ≈ 1.282

(
ū′D2

dplc

)1/3

, (53)

here D is the molecular diffusion coefficient.

[
[
[

[
[

1217 (2010) 2032–2041 2041

Transport effects will not influence the adsorption kinetics if
km � krq∞

1 and km � kaq∞
2 ; similarly, the desorption kinetics will

not be influenced by mass transfer if kmco
B � kdq∞

2 . For our SPR
experiments with BSA, D = 9 × 10−7cm2/s and km = 0.0035 cm/s.
From the data listed in Table 2, it is clear that mass transport effects
can be safely neglected in the analysis of the SPR experiments car-
ried out during this work.
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