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In  this  study  we  demonstrate  the  importance  of proper  data  processing  in  adsorption  isotherm  esti-
mations.  This  was  done  by  investigating  and  reprocessing  data  from  five  cases  on two  closely  related
platforms:  liquid  chromatography  (LC)  and  biosensors.  The  previously  acquired  adsorption  data  were
reevaluated  and  reprocessed  using  a  three-step  numerical  procedure:  (i)  preprocessing  of  adsorption
data,  (ii)  adsorption  data  analysis  and  (iii)  final  rival  model  fit.  For  each  case,  we  will  discuss  what  we
eywords:
urface Plasmon Resonance
uartz Crystal Microbalance
ata processing
luorescence
dsorption isotherm

really measure  and  what  additional  information  can  be obtained  by  numerical  processing  of  the  data.
These  cases  clearly  demonstrate  that  numerical  processing  of LC  and  biosensor  data  can  be used to
gain deeper  understanding  of molecular  interactions  with  adsorption  media.  This  is  important  because
adsorption  data,  especially  from  biosensors,  is  often  processed  using  old  and  simplified  methods.

© 2013 Elsevier B.V. All rights reserved.

dsorption energy distribution

. Introduction

It is of increasing importance to adequately measure molecular
nd bio-molecular interactions since understanding of these inter-
ctions is essential in many classic and new research areas such
s pharmacology, pharmacokinetics, pharmacodynamics, drug dis-
overy and proteomics. In pharmacokinetics, binding studies are
mportant because only the unbound concentration of the drug
s pharmacologically relevant [1]. The unbound concentration of

 drug is typically determined by first separating it from the bound
raction with classic techniques such as ultrafiltration or equi-
ibrium dialysis. These time-consuming techniques produce very
ncertain results for drugs with high-affinity binding, because of
he low resulting unbound concentrations. In drug discovery, rapid
etermination of drug–target interactions is crucial in a competi-
ive industrial environment and FDA has recently emphasized the
eed to distinguish enantioselective interactions [2]. Binding stud-

es are also important for potential drug targets and diagnostic

arkers, including the process to select and optimize lead com-

ounds during drug discovery.

∗ Corresponding author at: Karlstad University, SE-651 88 Karlstad, Sweden.
el.:  +46 76 774 31 58.
∗∗ Corresponding author. Tel.: +46 54 700 1620.

E-mail addresses: Jorgen.Samuelsson@kau.se (J. Samuelsson),
orgny.Fornstedt@kau.se, Torgny.Fornstedt@kemi.uu.se (T. Fornstedt).

021-9673/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.chroma.2013.07.077
Nonlinear chromatography theory has been extensively devel-
oped over the last 30 years and can be used to perform computer
simulations [3–8]. The reason for this development is the need
to predict/optimize process chromatography and here knowledge
about the thermodynamics and kinetics of the system is crucial
for successful simulations. High-pressure liquid chromatography
(LC) instruments have become much more robust and precise
over the years and LC therefore serves as a perfect platform for
detailed and advanced binding studies. We  have recently focused
on improving data processing for nonlinear LC. E.g., we  have devel-
oped an adsorption energy distribution (AED) calculation tool and
that has been used, in combination with traditional Scatchard
plots, to determine the degree of heterogeneity of the solute-
surface interactions without prior assumption of a specific model
[6]. Here the adsorption data is processed in a three-step proce-
dure,

(i) Scatchard plots are used to roughly reveal the category of the
adsorption: i.e., adsorption of type I, II, III, etc. [9].

(ii) AED is calculated to determine the degree of heterogeneity in
the interaction: i.e., how many different adsorption sites are
present and what is their individual energy of interaction/their

abundance (monolayer capacity).

(iii) Model fit: this can be done with only one, or perhaps two, mod-
els since the pre-steps have reduced the number of possible
models considerably [10–13].

dx.doi.org/10.1016/j.chroma.2013.07.077
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2013.07.077&domain=pdf
mailto:Jorgen.Samuelsson@kau.se
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Using modern LC systems and this three-step procedure we
ave revealed the complicated thermodynamics for several molec-
lar/biomolecular interactions of importance in the life sciences
6,7,12,14,15].

The principles of modern biosensors are very similar to LC
ecause in both platforms we have a surface containing immo-
ilized molecules which is percolated with a solution containing
he analyte to be studied. Thus, biosensors can also be used for
dsorption studies and for more detailed investigations of the inter-
ctions between drug molecules and proteins. We  have recently
ransferred our AED-calculations tools to process data from mod-
rn biosensors, such as Surface Plasmon Resonance (SPR) and
uartz Crystal Microbalance (QCM), in order to clarify the molec-
lar interactions between lipoproteins and chondroitin-6-sulfate
14]. From this it is clear that in many cases chromatogra-
hy models can also be applied to biosensors. The opposite
lso holds; models developed for biosensors can in many cases
e applied to chromatography because similar interactions are
tudied. In LC we have molecular interactions with an adsorp-
ion media and in this sense LC can be regarded as a “sensor”;
herefore there are many similarities between the two tech-
iques.

For biosensors based on SPR the studied protein is immobi-
ized on a surface (chip) and then analyte molecules flows over
he surface in an analysis cell [10,11]. The binding of analytes to
he immobilized molecules leads to changes of the refractive index
t the surface; this in turn causes a shift of the so called SPR-
ngle which is monitored in real time by an optical sensor. The
PR-signal is proportional to the adsorbed mass and quantifica-
ion and determination of binding constants can be made. When
he adsorbed mass is small, because the analyte molecules to be

easured have low molecular weight, the signal-to-noise ratio
s low. In recent years, much effort has been made to enhance
he optical system to improve the signal-to-noise ratio [16] and
o invent new immobilization techniques and chips constructions
17].

QCM is another biosensor technique that can be used to study
dsorption phenomena. The technique determines small (in the
ano-gram range) changes in the mass loaded onto a sensor.
lthough originally designed for studying adsorption of rigid mate-
ials from a gas phase and the formation of very thin and rigid
ayers from a liquid [18], the technique has evolved. Nowadays the
dsorption of soft viscoelastic material suspended, or dissolved, in

 viscoelastic medium can also be studied [19]. This has opened the
ossibility to study the adsorption of polymer films [19] and of bio-

ogical material [20–25] as well as to characterize interactions of
iological importance [26–31]. In QCM one studies the formation
f thin and rigid adsorbed films: the relationship between the mea-
ured changes in the quartz crystal oscillation frequency (�f) and
he adsorbed mass (�m) is given by the Sauerbrey equation [18],

m  = − k

n
�f,  (1)

here k is a constant depending on the properties of the quartz
iece (its fundamental resonance frequency, thickness and density)
nd n is the overtone number. For a standard quartz crystal with a
esonance frequency of 5 MHz, the constant k is 17.7 ng cm−2 Hz−1.
q. (1) holds even if the crystal is oscillating in a liquid environment.
owever, certain conditions must be fulfilled: (i) the adsorbed mass

s smaller than the mass of the crystal, (ii) the deposited film is rigid
nd (iii) the adsorbed material is evenly distributed on the sensor
urface.
It is necessary to consider that the QCM response in a liquid envi-
onment considers the solvent included in the adsorbed film and
an therefore give biased data if the adsorption of heavily solvated
ompounds is studied. Furthermore, a major drawback of QCM in
atogr. A 1317 (2013) 22– 31 23

liquids is that viscous and elastic contributions of the solvent could
affect the frequency shift, particularly if the adsorbed material itself
forms a viscoelastic film. This is the case for most polymers and
proteins, as well as for intrinsically soft structures such as lipo-
somes and lipodisks (planar lipid bilayer structures stabilized by
PolyEthyleneGlycol, PEG, modified lipids). Applying Eq. (1) to these
systems gives inaccurate results as the loss of energy due to vis-
coelastic effects is ignored. For the study of these materials by QCM
different approaches are employed. Noteworthy are the use of the
electromechanical analogy, e.g. see [32], and the use of ring down
techniques that involves turning off the AC voltage exciting the
crystal and measure the decay of the oscillation amplitude. This
latter approach is the basis of the QCM with dissipation monitoring
technique (QCM-D), which besides the shifts in frequency reports
changes in the “dissipation factor” D, i.e., a measurement of the
energy damping due to the deposited film viscoelasticity. Quanti-
tative determination of the adsorbed mass can be done using the
model proposed by Voinova et al. [19] for the formation of vis-
coelastic films when both the frequency and the dissipation shifts
are available at several overtones. In the case of very thin adsorbed
films in a bulk liquid, an expression relating the adsorbed mass
(�m),  the shift in frequency (�f) and the shift in dissipation (�D)
is given by [19,33],

�f

n
= −�m

k
+ B(n �D), (2)

where k, n are the same as in Eq. (1) and B is a parameter given
by the fundamental oscillation frequency of the crystal and by the
viscosity/elastic modulus ratio of the formed film. According to this
equation, a plot of �fn−1 vs. n�D for different values of n should
be a line that intercepts the y-axis at −�m/k and from which the
adsorbed mass can easily be calculated [33]. When the thin film
assumption does not hold, Eq. (2) cannot be fitted to a line and
specialized software such as QTools [34] for QCM-D  data analysis
is required. QTools can determine both the mass adsorbed and the
viscoelastic properties of the film.

For investigations of binding and adsorption behavior in bio-
logically and pharmaceutically important systems there has been
a great expansion and refinement of available techniques – such as
LC, SPR, QCM, NMR  and photo physical techniques [16,17,19,21,22].
Unfortunately, much of the potential information from these
improved techniques is lost since the data is often processed and
analyzed using simplified methods developed around 50 years ago
when the lack of computers made linearization of the data neces-
sary.

The goals of this review are three: (i) to illustrate the transfer of
recently developed numerical tools, for processing adsorption data
in LC, to a wide variety of different biosensor assays, (ii) to discuss
what the signals really tells us and what more detailed informa-
tion about the interactions can be achieved by data processing and
(iii) to compare the two platforms, i.e., nonlinear LC and biosen-
sor technology. We  will demonstrate all this be reprocessing and
reevaluating data from five previously published studies, two  chro-
matographic cases and three different biosensor assays cases. Case
I shows how the evaluation procedure can be used to gain deeper
understanding of chromatographic interactions. Case II shows how
adsorption data, in this case generated by LC perturbation exper-
iments, can be further processed for deeper understanding of
retention and adsorption mechanisms. For this case the same
interactions was studied using SPR and the two techniques are
compared. In case III, Quartz Crystal Microbalance (QCM) is used
to characterize the adsorption behavior of phosphorylated peptides

on titanium dioxide using a rigid film approach. In case IV QCM sen-
sors modified with viscoelastic films is used for peptide–lipodisk
interaction studies. Finally, in case V the same interactions as in
case IV are studied, but by using a fluorimetric approach instead.
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Fig. 1. Illustration of (a) the Scatchard plot and (b) the corresponding AED calcu-
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. Theory

Here we will present the relevant theory that applies both to LC
nd to biosensors.

.1. Adsorption isotherms

An adsorption isotherm describes the relationship between
dsorbed (q) and free concentration (C) of the solute at a constant
nd specific temperature [3]. In this section we are going to briefly
iscuss the different models used in this study.

Adsorption isotherms can be determined using several experi-
ental methods. However, in the end, they will all give a signal that

s proportional to the adsorbed amount (q) of solute, but in some
ases the measured response need to be preprocessed.

One of the simplest adsorption models, where the solute is
eversibly adsorbed at a limited number of identical adsorption
ites, is the Langmuir adsorption isotherm. To handle heteroge-
eous adsorption one can expand the simple Langmuir model to
he n-Langmuir adsorption isotherm model by assuming n inde-
endent adsorption sites, the equation is then,

 =
n∑

i=1

Kiqs,iC

1 + KiC
, (3)

here Ki and qs,i are the association equilibrium constant and the
onolayer saturation capacity for the ith site, respectively. Observe

hat for n = 1 we have the Langmuir model and if n = 2 we have the
i-Langmuir model. The initial slope of the adsorption isotherm
ives the sum of the distribution coefficients for all sites which is
quivalent to the sum of the products qs·K for all sites.

In this study one system was previously described using a two
ayer BET adsorption isotherm [26]. However, in this study the

oreau model is used instead because: (i) the Moreau and the two
ayer BET are mathematically identical and (ii) in a previous paper
32] we investigated how to calculate the AED using Moreau model.
he Moreau model is,

 = qs
KC + hK2C2

1 + 2KC + hK2C2
, (4)

here K is the association equilibrium constant and h is the
dsorbate–adsorbate interaction intensity constant. If h = 0 the
oreau model is almost identical to the Langmuir model and only

f h /= 0 can the adsorption isotherm contain physically realistic
nflection points.

.2. AED

In most cases a heterogeneous adsorption process is described
sing adsorption isotherms, e.g. Tóth, bi-Langmuir, etc. Another
ay is to extend the adsorption isotherm to a continuous distri-

ution of independent homogeneous sites across a certain range of
dsorption energies (d ln K),

(C) =
∫ Kmax

Kmin

f (ln K) · �(K, C) · d ln KdK, (5a)

(K, C) = KC

1 + KC
, (5b)

(K, C) = KC + hK2C2

1 + 2KC + hK2C2
, (5c)
(ln K) is the adsorption energy distribution where K has an
xponential relationship with adsorption energy according to the
rrhenius equation and �(K, C) is the local adsorption isotherm
odel. As local adsorption models mainly the Langmuir model,
lations for three different adsorption data sets. Dataset 1 is a Langmuir adsorption
model, dataset 2 a Tóth adsorption model and dataset 3 a bi-Langmuir adsorption
model.

Eq. (5b), has been used. But for concave adsorption isotherm, and
adsorption isotherms with inflection points, the BET [35] and the
Moreau [36], Eq. (5c), model can be used. The main difference when
calculating the AED using the Moreau model, compared to the Lang-
muir model, is that one has to set h (a similar constant exist in the
BET model). The solutions will depend on the selection of h [36],
however the number of adsorption sites seems to be conserved as
long as the h-value used in the AED calculation is not much higher
than the “true” h-value [36]. The AED is solved using the expecta-
tion maximization method, where the integral equation is solved
in an iterative manner [37,38].

2.3. Processing adsorption data

There are many pitfalls when determining binding data, i.e.,
adsorption isotherm determination. E.g. we  need sufficient number
of data points spread over a sufficient broad concentration range.
But even if these criteria are fulfilled it is necessary to properly
process the adsorption data and not wasting it using a simple lin-
earized approach to derive the binding constants, e.g. by only using
Scatchard plots [39].

In this study we  will use a three step-procedure to analyze
and process the adsorption data. First, Scatchard plots (q/C vs. q)
are used, not to determine adsorption isotherm parameters but to
determine possible adsorption isotherm models that can be used to
describe the data. Scatchard points are extremely useful for identi-
fying the type of the adsorption isotherm, e.g. Type I convex, Type
III concave or Type II, which can be described as a combined Type
I and III with an inflection point in between. The simplest convex
isotherm is the Langmuir model which describes the interaction
with a single adsorption site. The Tóth and the bi-Langmuir models
are simple heterogeneous Type I adsorption isotherms; the differ-
ence being that the Tóth model have heterogeneous interactions on
a single site whereas the bi-Langmuir model have two  isolated dif-
ferent adsorption sites. It is impossible/hard to distinguish between
these two  heterogeneous models by fitting directly to adsorption
data. But by using the combined approach with Scatchard plots and

AED-calculations it is possible as illustrated in Fig. 1 where dataset
1–3 describes Langmuir, Tóth and Bi-Langmuir adsorption, respec-
tively. An inspection of the Scatchard plots in Fig. 1a shows that the
Scatchard plot is linear for dataset 1 and but not for dataset 2 and
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. Linear Scatchard plots are only possible for the Langmuir model
ut concave Scatchard plots are possible for both the Tóth and the
i-Langmuir model. Since the Tóth model describes an adsorption
here only one type of interaction exist, but the bi-Langmuir model
ave two distinct adsorption sites with different adsorption energy,
istinguishing between the two heterogeneous models is mech-
nistically very interesting. However, traditional tools for model
tting cannot distinguish between the adsorption models. But if
e also do AED calculations (Fig. 1b), we can see that dataset 1 and

 have a unimodal AED and dataset 3 have a bimodal AED. With
he combined information, we can conclude that dataset 1 most
robably can be described using the Langmuir model, dataset 2 can
e described with an adsorption model with an unimodal hetero-
eneous AED, e.g. the Tóth model, and dataset 3 can be described
ith an adsorption model with a bimodal AED, e.g. the bi-Langmuir
odel. Using the two first steps in our three step procedure, i.e.,

catchard plots and AED-calculations, we can, by understanding
he binding mechanism, considerably reduce the number of pos-
ible adsorption models prior to the third step: nonlinear model
tting.

. Cases

The aim of this study is to process adsorption and binding data
enerated by LC and by biosensors, with some emphasis on the
atter. We  will focus on what the signal really tells us and the
eeper understanding we achieve using the numerical three-step
ata processing approach: (i) Scatchard plots, (ii) AED-calculations
nd (iii) rival model selection.

In case I, we exemplify the conclusions that can be drawn from
he data processing described above for a nonlinear LC system.
he same conclusions would be impossible to arrive at using the
raditional procedure of fitting rival models to experimental data
ollowed by statistical evaluation.

In case II a detailed investigation is made of the �-blocker pro-
ranolol binding to immobilized Cel7a cellulose. We  will process
dsorption data from the LC perturbation method using a SPR based
iacore 2000 assay as reference, in [12] this was investigated at dif-

erent buffer pH and here the LC data is processed further. Case II
llustrates a common case where the adsorption is clearly hetero-
eneous which is easily detected using the three-step adsorption
ata processing.

In case III, QCM is used to characterize the adsorption behavior of
hosphorylated peptides on titanium dioxide [26]. One of the stud-

ed peptides showed a clear deviation in adsorption behavior and
he corresponding adsorption data was processed further in this
tudy. The studied peptide was of special interest since it shows
tructural similarities with most peptides expected from the enzy-
atic digestion of a biological sample. This case illustrates how to

andle adsorption data that are described with a more complex
dsorption isotherm and we will show how Scatchard plots can be
sed to reveal inflection points.

In case IV, QCM sensors modified with immobilized soft vis-
oelastic films are used to study peptide–lipodisk interactions.
ore specifically, we studied lipodisks for the peptide mastoparan

wasp poison) and mastoparan X, where the peptide sequence
as been modified to become fluorescence [40]. The association

sotherms obtained utilizing QCM were re-evaluated by the three-
tep data processing procedure. This case illustrates two aspects:
i) the importance of preprocessing the adsorption data prior the
dsorption analysis and (ii) fluorescent modification of the peptide

ill strongly affect the determined adsorption isotherm parame-

ers.
In case V, the same peptide interaction as in case IV is inves-

igated by using the fluorimetric approach. This is possible since
atogr. A 1317 (2013) 22– 31 25

the spectrum of free tryptophan-containing peptide in water is red
shifted compared to when it is associated to the lipid membrane.
This shift can be used to determine the proportion of bound and
free peptide, thus providing the data to construct an association
isotherm that describes the peptide–lipodisk affinity. Even if the
method has the drawback that it cannot be used with peptides with
no tryptophan residues it is an interesting opportunity to compare
two completely different biosensor principles such as QCM and flu-
orimetry. This case is illustrates the same interactions as in case IV
but now with the peptide in free solution and not immobilized on
a surface. This approach will lead to data with no immobilization
effects but other challenges need to be handled.

3.1. Case I: nonlinear LC

Here we  use the procedure described above, and shown in Fig. 1,
for a nonlinear LC system. We investigated the retention mecha-
nism for the separation of glycine dipeptide (GG) and tripeptide
(GGG) on 12% cross-linked agarose gel media, using mobile phases
consisting of varying contents of acetonitrile in water [8]. The pep-
tides retention times increased with increasing acetonitrile content
in the eluent, demonstrating that polar binding prevails in this
phase system and GGG had larger retention than GG  because the
larger possibilities for hydrogen bonds in case of the larger pep-
tide.

A nonlinear adsorption study was undertaken at different ace-
tonitrile content in the eluent, using the elution by characteristic
points (ECP) method on strongly overloaded peptide peaks. The
combined analysis of the Scatchard plots and the AED-calculations
was  done when the acetonitrile content in the eluent was  varied
from 0 to 20%. The interactions started out being homogenous (GG),
or mildly heterogeneous (GGG). When the acetonitrile content
increased a more or less stronger degree of heterogeneity around
one site was  observed. Finally, when the acetonitrile content
increased further a typical bimodal energy interaction consisting of
two  sites was observed (GGG at 10 and 20%). In Fig. 2b, it can be seen
how the AED of GG at 0% acetonitrile has a narrow homogenous
interaction (Fig. 2a, black line) and when the acetonitrile content
in the eluent increases the AED successively becomes more het-
erogeneous (Fig. 2a, dashed and gray lines). In the case of GGG the
interactions becomes bi-modal at the highest acetonitrile contents
(cf. Fig. 2b).

The Tóth and bi-Langmuir models described these interest-
ing adsorption trends excellently [8]. The distinction between the
two  of heterogeneity models, Tóth and bi-Langmuir, is important
in order to understand if we have a mixed mode electro-
static/hydrogen bonding, that can be described by bi-Langmuir, or
only hydrogen bonding, that in this case can be described by the
Tóth model. If one only has hydrogen bonding the heterogeneity
is caused by hydrogen bonds at different positions, i.e., there is in
only one site (unimodal interactions) that have different energy
levels (Fig. 2a, dashed and gray lines and Fig. 2b, black line in).
Without the data processing it would have been impossible to dis-
tinguish between the principally different Tóth and bi-Langmuir
models since the data fits somewhat better to bi-Langmuir from a
statistically point of view.

3.2. Case II: SPR and enantioselective LC

Here we will study the binding of the �-blocker propranolol
enantiomers to Cel7a cellulose, at pH 4.5 and 7.5, [12] using the

LC perturbation method and the focus will be on reprocessing
the nonlinear adsorption data [3,41]. At the time the study was
performed the AED-tool was  not available and these calculations
are performed here instead in order to gain more knowledge.
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ig. 2. AED-calculations for (a) GG and (b) GGG at different eluent contents of aceto
alculate using 300 grid points and 200,000 iterations.

eprinted from Ref. [8], Copyright 2013, with permission from Elsevier.

The same enantioselective drug protein interactions have also
een studied using a SPR-based Biacore 2000 biosensor assay. In
41,42] the authors clearly showed that using LC it is possible to

easure the individual enantiomer adsorption isotherms by ana-
yzing the racemic mixture. This is not possible using SPR as only
he total adsorption is measured and consequently the enantiomers

ust be analyzed separately, however, the required amounts of
rotein and drug are much smaller for SPR because of the minia-
urized format. Also notice that two component LC data cannot be
sed for AED calculations because the tool is currently not able
o handle these complicated data sets. Another advantage of LC is
hat it is possible to determine the amount of protein in the column,
.g. by using by amino acid analysis. This is not possible using SPR
ecause of the small amounts immobilized protein on the chips. In

 recent similar study it was concluded that nonlinear LC is best
uited for weaker interactions and SPR for stronger interactions.
n fact it is impossible to achieve information about very strong

olecular interactions using chromatography [13].
In Fig. 3 the LC perturbation result for R- and S-Propranolol

n immobilized Cel7a is presented [12]; each enantiomer was
njected in a series of 24 concentration levels ranging from 1.0 �M
o 2.0 mM,  i.e., a two thousand fold range. The Scatchard plot
Fig. 3, middle row) are curved indicating heterogeneous inter-
ctions according to the discussion in Section 2.3. Moreover, the
catchard plot contains two asymptotes, one associated with the
ow and the other with the high concentration range. This pat-
ern is characteristic for a two site model, e.g. the bi-Langmuir

odel, with large energy difference between the two  adsorption
ites. The AED-calculations (Fig. 3, bottom row) for both pH-values
nd both enantiomers are at least bimodal. The AED-plots shows
nteresting differences in the adsorption at pH 4.5 and 7.5. The
ifference in energy of interaction (ln K) between the two adsorp-
ion sites is larger at the high pH, in other words the degree of
eterogeneity is larger at pH 7.5 than at pH 4.5. The combined
ED calculations and Scatchard plots indicate that the bi-Langmuir
odel could be used to describe the adsorption data well and that

hen pH is increased both the affinity and the enantio-selectivity of

he interaction are increased. The bi-Langmuir models fitted to the
xperimental data are presented as curves in Fig. 3, top and middle
ow.
: 0% (black solid lines), 10% (dashed lines) and 20% (gray solid lines). The AED were

The combined Scatchard plots and AED-calculations approach
revealed both the degree of heterogeneity and its pH dependence.
If we  only had used low concentration data only the first asymptote
would have been observed (cf. Fig. 3 middle row) [5]. This would
lead to the wrong conclusion that a more homogeneous adsorption
model, e.g. the Langmuir model, describes the data well. This clearly
illustrates the importance of a using a wide concentration range for
adsorption measurements, especially for the Scatchard plots.

3.3. Case III: QCM – rigid films

In a recent study by Eriksson et al. [26] QCM and Eq. (1) were
used to determine the adsorption isotherms of phosphorylated
peptides on titanium dioxide (TiO2). As a uniform and rigid layer of
adsorbed material is expected, the Sauerbrey relationship should
hold. The phosphopeptide–TiO2 system is of great importance,
given that although TiO2 is widely used with several techniques
for phosphopeptide enrichment prior to analysis, the adsorption
of phosphorylated peptides on TiO2 had not been systematically
characterized. The cited report pinpointed some of the main param-
eters defining the peptides affinity for the surface (amino acid
sequence, degree of phosphorylation and salt content of the solu-
tion) and identified possible sources for biased results in most
enrichment protocols. Furthermore, it was  demonstrated that most
of the studied peptides, with a high degree of confidence, followed
the Langmuir adsorption isotherm. However, one of the studied
peptides, IR (a tri-phosphorylated peptide derived from the insulin
receptor), showed positive cooperativity and clearly deviated from
ideal behavior. This particular peptide is of special interest since it
has structural similarities with most peptides expected from the
enzymatic digestion of a biological sample, i.e., peptides with a
positive charged amino acid at one end.

The adsorption of the IR peptide could be best described by
a two  layer liquid–solid extended BET isotherm [43] that con-
siders different association constants for the peptide–TiO2 and
the peptide–peptide interactions. By determining the association

parameters at different salt concentrations, it was  established that
the peptide–peptide interaction was mainly of electrostatic origin.

Fig. 4 shows the obtained isotherms and the corresponding
Scatchard plots comparing the adsorption behavior of the IR
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Fig. 3. Association isotherms (top), Scatchard plots (middle), and AED calculations (bottom) using 300 grid points and 100,000 iterations describing the adsorption of R-
propranolol (left) and S-propranolol (right) on Cel7a. Calculated from experimental data reported by Robert Arnell et al. [12], symbols are experimental data, lines are fitted
data  and Ru is response units.

Fig. 4. Adsorption isotherms (top left), Scatchard plots (top right) and AED calculations using 300 grid points, 100,000 iterations and a h-value of 200 (bottom) describing
the  adsorption of IR on TiO2 QCM sensors. Black line: with no added salt, gray line: with 50 mM NaClO4 added. Experimental data are from [26].
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Table 1
Adsorption parameters of IR on TiO2 according to the Moreau isotherm.
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Table 2
Peptide–lipodisk association parameters according to the bi-Langmuir isotherm and
comparison between the results obtained when considering the lipodisk film as
rigid (Sauerbrey model) and when considering the viscoelasticity of the structure
(Voinova).

Peptide Model Reff(max)1 K1 [�M−1] Reff(max)2 K2 [�M−1]

Mastoparan
Sauerbrey 0.1 138 0.30 1.60
Voinova 0.085 186 0.28 1.94
0 0.566 235
50  0.063 2631

eptide on TiO2 QCM sensors when no salt was added and when
0 mM NaClO4 was included in the bulk solution. The concentra-
ion of the IR peptide ranged from 0.01 �M to 10 �M.  To illustrate
he use of AED for this system a Moreau isotherm was  fitted to
he data. Although the physical meaning of the two-layers BET
nd the Moreau adsorption isotherm Eq. (4) differ, they both
epresent likely scenarios and both fit the data well. The latter
s preferred in this report, as the AED calculations have not been
dapted to use two layer BET adsorption isotherms; see Section
.2. The AED calculations support the conclusion reported in the
riginal manuscript concerning the electrostatic nature of the
nteractions. The calculated adsorption parameters are shown in
able 1. According to the Moreau model the conclusion is that the
eptide–peptide interaction is strong and increases with the ionic
orce. The first statement agrees with the conclusions reached
y Eriksson et al., while the second contradicts them. This is an
xample of when two models provide reasonable results but
ead to different conclusions. In complex systems, such as the
ne described, it is likely that the real adsorption behavior has
haracteristics of both the BET and the Moreau models.

To conclude, the QCM experiments performed by Eriksson et al.
n [26] proved to be a powerful tool for systematic characterization
f peptide–TiO2 interactions. Together with the three steps anal-
sis method presented here, the obtained data is a source of very
seful information that provides several alternative interpretations
o better understand the adsorption process.

.4. Case IV: QCM – viscoelastic films

Here we analyzed recently reported data [33] concerning the
mmobilization of lipodisks and their association with alpha-helical
mphiphilic peptides. These peptides have enormous potential for
harmaceutical applications, as they may  show antimicrobial activ-

ty. Incorporation of these peptides into lipodisks allows a sustained
elease of the compound and, at the same time, the peptide is
rotected from enzymatic degradation [44]. In the cited study it
as very important to accurately determine the amount of mate-

ial (lipodisks in this case) that is bound on the surface. Given that
ipodisks are not rigid structures, using the Sauerbrey approach, Eq.
1), would give inaccurate results. In the cited study, it was  deter-

ined, using the Voinova approach, Eq. (2), that full coverage of
he sensor surface with lipodisks was achieved when 2600 ng cm−2

f the material had been immobilized. If the Sauerbrey approach
ad been used instead, several problems would have arisen. First,
ach overtone would provide with a different answer and second,
hese answers would most likely significantly underestimate the
eal adsorbed amount. In the study we refer to, the amount of mate-
ial immobilized would then have been 1770 ng cm−2 for the 3rd
vertone and 900 ng cm−2 for the 11th overtone.

The cited paper studied and reported the association isotherms
f three different peptides (melittin, mastoparan, and mastoparan
) with the lipodisks. Fig. 5 shows a reevaluation of the reported
ata for mastoparan (MAS) and mastoparan X (MAS-X) accord-

ng to the procedure described in Section 2. The figure shows the
ifference in the interpretation of the data when the viscoelas-

ic properties of the material are accounted for by the Voinova
pproach and when the Sauerbrey approach is used. Furthermore,
he analysis of the data sheds some light on the nature of the
eptide–lipodisk interaction. The original report established that
Mastoparan X
Sauerbrey 0.084 4.5 699 3.37 × 10−6

Voinova 0.043 16.8 0.07 0.32

the association data could be described both by a bi-Langmuir
isotherm and by an isotherm proposed by Pérez-Paya et al. which
accounts for peptide–peptide interactions as well as for changes
in the lipodisk structure upon peptide binding [45]. As for the IR
peptide example described in the previous section, the most likely
explanation is that the real association behavior shares character-
istics with both models.

In the report discussed here, direct fitting of the data to
a bi-Langmuir adsorption isotherm provided trivial parameters.
Therefore, the authors reported only “apparent” association data
using the Langmuir isotherm. Fig. 5 show that the data treatment
described in Section 2 enables fitting the data to the bi-Langmuir
model and thus extracting useful information. The results are sum-
marized in Table 2 and can be interpreted in the light of previous
knowledge concerning the lipodisk–peptide interactions [46]. It
is known that amphiphilic peptides have a high affinity for the
lipodisk edges, while their affinity for the planar faces is much
lower. The interactions with the two bi-Langmuir sites can there-
fore be assumed to represent the lipodisk edges (high affinity for
the peptides) and the lipodisk flat faces (lower affinity). The data in
Table 2 agrees with this interpretation as a small number of high
affinity sites (described by Reff(max)1 and K1) are found together
with a larger number of low affinity sites (Reff(max)2 and K2); here
the former represent the lipodisk edges and the latter the pla-
nar faces of the disks. Although the model provides a reasonable
interpretation of the data, it is necessary to consider that the Pérez-
Paya model fits the data well and is related to a plausible physical
interpretation. As stated above, the most likely scenario is that
the association behavior has, at least, both a bi-Langmuir compo-
nent (two kinds of adsorption sites) and a Pérez-Paya component
(peptide–peptide interactions and modification of the lipodisk
properties upon peptide binding). Both models can be used to pre-
dict the association behavior, but it is necessary to consider that,
separately, they provide only partial physical interpretations of the
association phenomena.

3.5. Case V: fluorimetric determinations

Peptide binding to lipodisks can also be determined using fluori-
metric methods when a tryptophan residue is found in the peptide.
The emission spectrum of this amino acid is dependent on the
polarity of its surroundings. The spectrum of a free tryptophan-
containing peptide in water is red shifted compared to when it
is associated with the lipid membrane. This shift can be used to
determine the proportions of bound and free peptide, thus provid-
ing the data to construct an association isotherm that describes the
peptide–lipodisk affinity. Experimentally a solution of the studied
peptide is titrated with small additions from a lipodisks dispersion,
this means that the association isotherm is constructed starting
from the high concentration end. The fluorimetric approach has
the advantage of providing a much larger number of experimental

points in a single measurement. However, the method’s drawback
is that it cannot be used with peptides with no tryptophan residues.
As suggested recently [33], artificially labeling the peptide may
drastically change the association behavior, and should therefore
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Fig. 5. Association isotherms (top), scatchard plots (middle) and AED calculations using 300 grid points and 100,000 iterations (bottom) for mastoparan (left) and mastoparan
X  (right), respectively. Calculated from experimental data reported by Agmo Hernández et al. [33], Reff is effective associated peptide/lipid mole ratio.

Fig. 6. Association isotherm (top left), scatchard plot (top right) and AED calculated using 300 grid points and 500,000 iterations (bottom) for mastoparan X. Calculated from
fluorimetric data reported by Agmo Hernández et al. [33].
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e avoided. Furthermore, the possible effects of starting at high
eptide to lipid ratios need to be considered. Finally, the associa-
ion behavior at low bulk peptide concentrations is not available,
nd, therefore, important information concerning the interaction
ith the high affinity sites is lost.

Fig. 6 shows the association isotherm of MAS-X (reported
n [33]) obtained with the fluorimetric method. As in the case
f the QCM-D determinations, the authors [33] concluded that
he data fitted very well to both the Pérez-Paya model and
o the bi-Langmuir model, although, for the latter only trivial
esults could be obtained. Fig. 6 shows that, with help of the
ata processing proposed in Section 2, the bi-Langmuir asso-
iation parameters can be estimated and are: Reff(max)1 = 0.068;
1 = 2.55 �M−1, Reff(max)2 = 0.043 and K2 = 0.21 �M−1. The order of
agnitude of the affinity constants corresponds well with what is

btained with the QCM-D, see previous section. The Reff(max) val-
es, however, do not correspond to the assumption that the low
ffinity interaction represent association with the planar part of the
isks. This discrepancy is probably due to the following three facts:
rst, (i) the component of the isotherm described by the Pérez-Paya
odel is not considered; see the previous section. Then, (ii) the

ssociation data at low peptide bulk concentrations is not available
nd, therefore, important information concerning the high energy
nteraction could be missed. Finally, (iii) fluorimetric determina-
ions, that start the collection of data at very large peptide to lipid
atios, may  cause significant structural changes in the lipodisks.
mong these structural changes, the dissolution of the disks into
icelle-like structures cannot be discarded [47,48] These struc-

ures present a high curvature, similar to the lipodisk edges, and
herefore have a high affinity for the peptides, as demonstrated
reviously [46]. They may  therefore provide the extra number of
alculated high affinity binding sites. These structural changes are
inimized with the QCM-D approach, where low peptides to lipid

atios are measured first. Furthermore, if structural changes occur,
hey are reflected in the QCM-D response, as shown recently [33].
n the fluorimetric experiments, on the other hand, no information
bout the structure is available, and it is therefore unknown what
ind of structures that are actually being studied in the high bulk
eptide concentration range. The parameters calculated here, how-
ver, support the hypothesis of high curvature aggregates being
ormed at high peptide concentrations.

. Conclusions

By reprocessing previously acquired data from LC and three
rincipally different biosensor assays we have demonstrated the

mportance of proper data handling throughout the whole pro-
ess: from the determination of possible adsorption isotherms to
he final model fitting. We  can divide this process into three steps:
i) preprocessing of adsorption data, (ii) adsorption data analysis
nd (iii) final rival model fit. The second step prior to the model fit
s to analyze the data by combining Scatchard plots with AED cal-
ulations (cf. Fig. 1) and this will significantly reduce the number
f possible adsorption models.

In case I, we illustrated how this three-step processing of LC
dsorption data can be used to distinguish between two mecha-
istically totally different heterogeneous models: one with mixed
lectrostatic/hydrogen bonds and one with hydrogen bonds with
ifferent energies. These two models would have been impossible
o distinguish otherwise.

In case II, data from LC perturbation experiments were further

reated numerically with the suggested three-step procedure [12].
n this case the heterogeneous adsorption was clearly shown using
he combined Scatchard and AED-calculation approach, a classic
inearization using only Scatchard plots would have missed this.
atogr. A 1317 (2013) 22– 31

This case also shows the importance of having a large concentra-
tion range because the Scatchard plot contains two asymptotes, one
associated with the low and the other with the high concentration
range. Without the high concentration range data one could easily
have mistaken the adsorption process for a homogeneous Langmuir
model.

In case III QCM was used to characterize the adsorption behavior
of phosphorylated peptides on TiO2. The adsorption data in this case
where described with an adsorption isotherm containing an inflec-
tion point and we  demonstrated how this was easily observed in the
Scatchard plot. This case also shows that the adsorption processing
approach used in this study is capable of handling even compli-
cated adsorption models that contains inflection points, such as
the Moreau model.

In case IV interaction between the peptide mastoparan and
mastoparan X with lipodisks were investigated using QCM-D and
this case highlights two  important issues. First, the importance of
preprocessing the measured data to make sure that the data used is
proportional to adsorbed amount. The second issue was  that even
small changes in the peptide sequence can lead to large differences
in the adsorption properties. For both peptides, it was possible to
reveal that the association behavior probably has, at least, both bi-
Langmuir and Pérez-Paya adsorption components. Therefore these
models can, separately, only provide partial physical interpreta-
tions of the association phenomena.

One drawback with measuring adsorption isotherms using LC,
QCM and SPR is that the ligand is immobilized on a surface and this
is probably also going to affect the measured adsorption isotherm.
One solution to this is to measure the interaction in free solution by
using a fluorescence assay as we did in the case V for mastoparan X.
Here we  noted that the order of magnitude of the affinity constants
corresponds well with the ones obtained in case IV, but the assump-
tion that the low affinity interaction represents association with
the planar part of the disks, as was concluded in case IV does not
hold. This discrepancy could be due to several reasons, e.g. that flu-
orimetric determination may  cause significant structural changes
in the lipodisks. These structural changes are minimized with the
QCM-D approach and if they occur it is reflected in the QCM-D
response, but not in the fluorimetric experiments. This therefore
demonstrates that the measurement itself could modify the studied
system.

The above clearly demonstrates that much more information
can be extracted from the adsorption data using the three steps
adsorption data processing approach compared to the classical
linearization and use of the Langmuir model. Moreover, the data
processing tools developed are not platform dependent and can be
used for both LC and biosensors.
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