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Abstract 16 

In this study we demonstrate the importance of proper data processing in adsorption isotherm 17 

estimations. This was done by investigating and reprocessing data from five cases on two closely 18 

related platforms: liquid chromatography (LC) and biosensors. The previously acquired adsorption 19 

data were reevaluated and reprocessed using a three-step numerical procedure: (i) preprocessing of 20 

adsorption data, (ii) adsorption data analysis and (iii) final rival model fit. For each case, we will 21 

discuss what we really measure and what additional information can be obtained by numerical 22 

processing of the data. These cases clearly demonstrate that numerical processing of LC and 23 

biosensor data can be used to gain deeper understanding of molecular interactions with adsorption 24 

media. This is important because adsorption data, especially from biosensors, is often processed 25 

using old and simplified methods. 26 

27 
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1 Introduction 28 

It is of increasing importance to adequately measure molecular and bio-molecular interactions since 29 

understanding of these interactions is essential in many classic and new research areas such as 30 

pharmacology, pharmacokinetics, pharmacodynamics, drug discovery and proteomics. In 31 

pharmacokinetics, binding studies are important because only the unbound concentration of the 32 

drug is pharmacologically relevant [1]. The unbound concentration of a drug is typically determined 33 

by first separating it from the bound fraction with classic techniques such as ultrafiltration or 34 

equilibrium dialysis. These time-consuming techniques produce very uncertain results for drugs with 35 

high-affinity binding, because of the low resulting unbound concentrations. In drug discovery, rapid 36 

determination of drug - target interactions is crucial in a competitive industrial environment and FDA 37 

has recently emphasized the need to distinguish enantioselective interactions [2]. Binding studies are 38 

also important for potential drug targets and diagnostic markers, including the process to select and 39 

optimize lead compounds during drug discovery. 40 

Nonlinear chromatography theory has been extensively developed over the last 30 years and can be 41 

used to perform computer simulations [3–8]. The reason for this development is the need to 42 

predict/optimize process chromatography and here knowledge about the thermodynamics and 43 

kinetics of the system is crucial for successful simulations. High-pressure Liquid Chromatography (LC) 44 

instruments have become much more robust and precise over the years and LC therefore serves as a 45 

perfect platform for detailed and advanced binding studies. We have recently focused on improving 46 

data processing for nonlinear LC. E.g., we have developed an adsorption energy distribution (AED) 47 

calculation tool and that has been used, in combination with traditional Scatchard plots, to 48 

determine the degree of heterogeneity of the solute-surface interactions without prior assumption 49 

of a specific model [6]. Here the adsorption data is processed in a three-step procedure,  50 
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(i) Scatchard plots are used to roughly reveal the category of the adsorption: i.e., adsorption of type 51 

I, II, III etc. [9].  52 

(ii) AED is calculated to determine the degree of heterogeneity in the interaction: i.e., how many 53 

different adsorption sites are present and what is their individual energy of interaction/their 54 

abundance (monolayer capacity). 55 

(iii) Model fit: this can be done with only one, or perhaps two, models since the pre-steps have 56 

reduced the number of possible models considerably [10–13].  57 

Using modern LC systems and this three-step procedure we have revealed the complicated 58 

thermodynamics for several molecular/biomolecular interactions of importance in the life sciences 59 

[6,7,12,14,15]. 60 

The principles of modern biosensors are very similar to LC because in both platforms we have a 61 

surface containing immobilized molecules which is percolated with a solution containing the analyte 62 

to be studied. Thus, biosensors can also be used for adsorption studies and for more detailed 63 

investigations of the interactions between drug molecules and proteins. We have recently 64 

transferred our AED-calculations tools to process data from modern biosensors, such as Surface 65 

Plasmon Resonance (SPR) and Quartz Crystal Microbalance (QCM), in order to clarify the molecular 66 

interactions between lipoproteins and chondroitin-6-sulfate [14]. From this it is clear that in many 67 

cases chromatography models can also be applied to biosensors. The opposite also holds; models 68 

developed for biosensors can in many cases be applied to chromatography because similar 69 

interactions are studied. In LC we have molecular interactions with an adsorption media and in this 70 

sense LC can be regarded as a “sensor”; therefore there are many similarities between the two 71 

techniques.  72 

For biosensors based on SPR the studied protein is immobilized on a surface (chip) and then analyte 73 

molecules flows over the surface in an analysis cell [10,11]. The binding of analytes to the 74 
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immobilized molecules leads to changes of the refractive index at the surface; this in turn causes a 75 

shift of the so called SPR-angle which is monitored in real time by an optical sensor. The SPR-signal is 76 

proportional to the adsorbed mass and quantification and determination of binding constants can be 77 

made. When the adsorbed mass is small, because the analyte molecules to be measured have low 78 

molecular weight, the signal-to-noise ratio is low. In recent years, much effort has been made to 79 

enhance the optical system to improve the signal-to-noise ratio [16] and to invent new 80 

immobilization techniques and chips constructions [17].  81 

QCM is another biosensor technique that can be used to study adsorption phenomena. The 82 

technique determines small (in the nano-gram range) changes in the mass loaded onto a sensor. 83 

Although originally designed for studying adsorption of rigid materials from a gas phase and the 84 

formation of very thin and rigid layers from a liquid [18], the technique has evolved. Nowadays the 85 

adsorption of soft viscoelastic material suspended, or dissolved, in a viscoelastic medium can also be 86 

studied [19]. This has opened the possibility to study the adsorption of polymer films [19] and of 87 

biological material [20–25] as well as to characterize interactions of biological importance [26–31]. In 88 

QCM one studies the formation of thin and rigid adsorbed films: the relationship between the 89 

measured changes in the quartz crystal oscillation frequency (Δf) and the adsorbed mass (Δm) is 90 

given by the Sauerbrey equation [18], 91 

 ,
k

m f
n

     (1) 92 

where k is a constant depending on the properties of the quartz piece (its fundamental resonance 93 

frequency, thickness and density) and n is the overtone number. For a standard quartz crystal with a 94 

resonance frequency of 5 MHz, the constant k is 17.7 ng∙cm-2∙Hz-1. Eq. (1) holds even if the crystal is 95 

oscillating in a liquid environment. However, certain conditions must be fulfilled: (i) the adsorbed 96 
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mass is smaller than the mass of the crystal, (ii) the deposited film is rigid and (iii) the adsorbed 97 

material is evenly distributed on the sensor surface.  98 

It is necessary to consider that the QCM response in a liquid environment considers the solvent 99 

included in the adsorbed film and can therefore give biased data if the adsorption of heavily solvated 100 

compounds is studied. Furthermore, a major drawback of QCM in liquids is that viscous and elastic 101 

contributions of the solvent could affect the frequency shift, particularly if the adsorbed material 102 

itself forms a viscoelastic film. This is the case for most polymers and proteins, as well as for 103 

intrinsically soft structures such as liposomes and lipodisks (planar lipid bilayer structures stabilized 104 

by PolyEthyleneGlycol, PEG, modified lipids). Applying Eq. (1) to these systems gives inaccurate 105 

results as the loss of energy due to viscoelastic effects is ignored. For the study of these materials by 106 

QCM different approaches are employed. Noteworthy are the use of the electromechanical analogy, 107 

e.g. see [32], and the use of ring down techniques that involves turning off the AC voltage exciting 108 

the crystal and measure the decay of the oscillation amplitude. This latter approach is the basis of 109 

the QCM with dissipation monitoring technique (QCM-D), which besides the shifts in frequency 110 

reports changes in the “dissipation factor” D, i.e., a measurement of the energy damping due to the 111 

deposited film viscoelasticity. Quantitative determination of the adsorbed mass can be done using 112 

the model proposed by Voinova et al. [19] for the formation of viscoelastic films when both the 113 

frequency and the dissipation shifts are available at several overtones. In the case of very thin 114 

adsorbed films in a bulk liquid, an expression relating the adsorbed mass (Δm), the shift in frequency 115 

(Δf) and the shift in dissipation (ΔD) is given by [19,33], 116 

  
f m

B n D
n k

 
    , (2) 117 

where k, n are the same as in Eq. (1) and B is a parameter given by the fundamental oscillation 118 

frequency of the crystal and by the viscosity/elastic modulus ratio of the formed film. According to 119 
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this equation, a plot of Δf n-1 vs. nΔD for different values of n should be a line that intercepts the y-120 

axis at –Δm/k and from which the adsorbed mass can easily be calculated [33]. When the thin film 121 

assumption does not hold, Eq. (2) cannot be fitted to a line and specialized software such as QTools 122 

[34] for QCM-D data analysis is required. QTools can determine both the mass adsorbed and the 123 

viscoelastic properties of the film.  124 

For investigations of binding and adsorption behavior in biologically and pharmaceutically important 125 

systems there has been a great expansion and refinement of available techniques - such as LC, SPR, 126 

QCM, NMR and photo physical techniques [16,17,19,21,22]. Unfortunately, much of the potential 127 

information from these improved techniques is lost since the data is often processed and analyzed 128 

using simplified methods developed around 50 years ago when the lack of computers made 129 

linearization of the data necessary.  130 

The goals of this review are three: (i) to illustrate the transfer of recently developed numerical tools, 131 

for processing adsorption data in LC, to a wide variety of different biosensor assays, (ii) to discuss 132 

what the signals really tells us and what more detailed information about the interactions can be 133 

achieved by data processing and (iii) to compare the two platforms, i.e., nonlinear LC and biosensor 134 

technology. We will demonstrate all this be reprocessing and reevaluating data from five previously 135 

published studies, two chromatographic cases and three different biosensor assays cases. Case I 136 

shows how the evaluation procedure can be used to gain deeper understanding of chromatographic 137 

interactions. Case II shows how adsorption data, in this case generated by LC perturbation 138 

experiments, can be further processed for deeper understanding of retention and adsorption 139 

mechanisms. For this case the same interactions was studied using SPR and the two techniques are 140 

compared. In case III, Quartz Crystal Microbalance (QCM) is used to characterize the adsorption 141 

behavior of phosphorylated peptides on titanium dioxide using a rigid film approach. In case IV QCM 142 
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sensors modified with viscoelastic films is used for peptide-lipodisk interaction studies. Finally, in 143 

case V the same interactions as in case IV are studied, but by using a fluorimetric approach instead. 144 

2 Theory 145 

Here we will present the relevant theory that applies both to LC and to biosensors. 146 

2.1 Adsorption Isotherms 147 

An adsorption isotherm describes the relationship between adsorbed (q) and free concentration (C) 148 

of the solute at a constant and specific temperature [3]. In this section we are going to briefly discuss 149 

the different models used in this study. 150 

Adsorption isotherms can be determined using several experimental methods. However, in the end, 151 

they will all give a signal that is proportional to the adsorbed amount (q) of solute, but in some cases 152 

the measured response need to be preprocessed. 153 

One of the simplest adsorption models, where the solute is reversibly adsorbed at a limited number 154 

of identical adsorption sites, is the Langmuir adsorption isotherm. To handle heterogeneous 155 

adsorption one can expand the simple Langmuir model to the n-Langmuir adsorption isotherm model 156 

by assuming n independent adsorption sites, the equation is then, 157 

 s ,

1 1

n

i i

i i

K q C
q

K C




 , (3) 158 

where Ki and qs,i are the association equilibrium constant and the monolayer saturation capacity for 159 

the i:th site, respectively. Observe that for n = 1 we have the Langmuir model and if n = 2 we have 160 

the bi-Langmuir model. The initial slope of the adsorption isotherm gives the sum of the distribution 161 

coefficients for all sites which is equivalent to the sum of the products qs∙K for all sites. 162 
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In this study one system was previously described using a two layer BET adsorption isotherm [26]. 163 

However, in this study the Moreau model is used instead because: (i) the Moreau and the two layer 164 

BET are mathematically identical and (ii) in a previous paper [32] we investigated how to calculate 165 

the AED using Moreau model. The Moreau model is, 166 

 
2 2

s 2 2
1 2

K C h K C
q q

K C h K C




 
, (4) 167 

where K is the association equilibrium constant and h is the adsorbate - adsorbate interaction 168 

intensity constant. If h = 0 the Moreau model is almost identical to the Langmuir model and only if h 169 

≠ 0 can the adsorption isotherm contain physically realistic inflection points. 170 

2.2 AED 171 

In most cases a heterogeneous adsorption process is described using adsorption isotherms, e.g. Tóth, 172 

bi-Langmuir etc. Another way is to extend the adsorption isotherm to a continuous distribution of 173 

independent homogeneous sites across a certain range of adsorption energies (dlnK), 174 

  

m a x

m in

( ln ) ( , ) ln

K

K

q C f K K C d K d K   , (5a) 175 

 ( , )
1

K C
K C

K C
 


, (5b) 176 

 
2 2

2 2
( , ) ,

1 2

K C h K C
K C

K C h K C





 
 (5c) 177 

f(ln K) is the adsorption energy distribution where K has an exponential relationship with adsorption 178 

energy according to the Arrhenius equation and (K, C) is the local adsorption isotherm model. As 179 

local adsorption models mainly the Langmuir model, Eq. (5b), has been used. But for concave 180 

adsorption isotherm, and adsorption isotherms with inflection points, the BET [35] and the Moreau 181 

[36], Eq. (5c), model can be used. The main difference when calculating the AED using the Moreau 182 
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model, compared to the Langmuir model, is that one has to set h (a similar constant exist in the BET 183 

model). The solutions will depend on the selection of h [36], however the number of adsorption sites 184 

seems to be conserved as long as the h-value used in the AED calculation is not much higher than the 185 

“true” h-value [36]. The AED is solved using the expectation maximization method, where the 186 

integral equation is solved in an iterative manner [37,38]. 187 

2.3 Processing Adsorption Data 188 

There are many pitfalls when determining binding data, i.e., adsorption isotherm determination. E.g. 189 

we need sufficient number of data points spread over a sufficient broad concentration range. But 190 

even if these criteria are fulfilled it is necessary to properly process the adsorption data and not 191 

wasting it using a simple linearized approach to derive the binding constants, e.g. by only using 192 

Scatchard plots [39].  193 

In this study we will use a three step-procedure to analyze and process the adsorption data. First, 194 

Scatchard plots (q/C vs q) are used, not to determine adsorption isotherm parameters but to 195 

determine possible adsorption isotherm models that can be used to describe the data. Scatchard 196 

points are extremely useful for identifying the type of the adsorption isotherm, e.g. Type I convex, 197 

Type III concave or Type II, which can be described as a combined Type I and III with an inflection 198 

point in between. The simplest convex isotherm is the Langmuir model which describes the 199 

interaction with a single adsorption site. The Tóth and the bi-Langmuir models are simple 200 

heterogeneous Type I adsorption isotherms; the difference being that the Tóth model have 201 

heterogeneous interactions on a single site whereas the bi-Langmuir model have two isolated 202 

different adsorption sites. It is impossible/hard to distinguish between these two heterogeneous 203 

models by fitting directly to adsorption data. But by using the combined approach with Scatchard 204 

plots and AED-calculations it is possible as illustrated in Fig. 1 where dataset 1 - 3 describes Langmuir, 205 

Tóth and Bi-Langmuir adsorption, respectively. An inspection of the Scatchard plots in Fig. 1a shows 206 
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that the Scatchard plot is linear for dataset 1 and but not for dataset 2 and 3. Linear Scatchard plots 207 

are only possible for the Langmuir model but concave Scatchard plots are possible for both the Tóth 208 

and the bi-Langmuir model. Since the Tóth model describes an adsorption where only one type of 209 

interaction exist, but the bi-Langmuir model have two distinct adsorption sites with different 210 

adsorption energy, distinguishing between the two heterogeneous models is mechanistically very 211 

interesting. However, traditional tools for model fitting cannot distinguish between the adsorption 212 

models. But if we also do AED calculations (Fig. 1b), we can see that dataset 1 and 2 have a unimodal 213 

AED and dataset 3 have a bimodal AED. With the combined information, we can conclude that 214 

dataset 1 most probably can be described using the Langmuir model, dataset 2 can be described with 215 

an adsorption model with an unimodal heterogeneous AED, e.g. the Tóth model, and dataset 3 can 216 

be described with an adsorption model with a bimodal AED, e.g. the bi-Langmuir model. Using the 217 

two first steps in our three step procedure, i.e., Scatchard plots and AED-calculations, we can, by 218 

understanding the binding mechanism, considerably reduce the number of possible adsorption 219 

models prior to the third step: nonlinear model fitting.  220 

3 Cases 221 

The aim of this study is to process adsorption and binding data generated by LC and by biosensors, 222 

with some emphasis on the latter. We will focus on what the signal really tells us and the deeper 223 

understanding we achieve using the numerical three-step data processing approach: (i) Scatchard 224 

plots, (ii) AED-calculations and (iii) rival model selection.  225 

In case I, we exemplify the conclusions that can be drawn from the data processing described above 226 

for a nonlinear LC system. The same conclusions would be impossible to arrive at using the 227 

traditional procedure of fitting rival models to experimental data followed by statistical evaluation.  228 
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In case II a detailed investigation is made of the β-blocker propranolol binding to immobilized Cel7a 229 

cellulose. We will process adsorption data from the LC perturbation method using a SPR based 230 

Biacore 2000 assay as reference, in [12] this was investigated at different buffer pH and here the LC 231 

data is processed further. Case II illustrates a common case where the adsorption is clearly 232 

heterogeneous which is easily detected using the three-step adsorption data processing. 233 

In case III, QCM is used to characterize the adsorption behavior of phosphorylated peptides on 234 

titanium dioxide [26]. One of the studied peptides showed a clear deviation in adsorption behavior 235 

and the corresponding adsorption data was processed further in this study. The studied peptide was 236 

of special interest since it shows structural similarities with most peptides expected from the 237 

enzymatic digestion of a biological sample. This case illustrates how to handle adsorption data that 238 

are described with a more complex adsorption isotherm and we will show how Scatchard plots can 239 

be used to reveal inflection points. 240 

In case IV, QCM sensors modified with immobilized soft viscoelastic films are used to study peptide - 241 

lipodisk interactions. More specifically, we studied lipodisks for the peptide mastoparan (wasp 242 

poison) and mastoparan X, where the peptide sequence has been modified to become fluorescence 243 

[40]. The association isotherms obtained utilizing QCM were re-evaluated by the three-step data 244 

processing procedure. This case illustrates two aspects: (i) the importance of preprocessing the 245 

adsorption data prior the adsorption analysis and (ii) fluorescent modification of the peptide will 246 

strongly affect the determined adsorption isotherm parameters. 247 

In case V, the same peptide interaction as in case IV is investigated by using the fluorimetric 248 

approach. This is possible since the spectrum of free tryptophan-containing peptide in water is red 249 

shifted compared to when it is associated to the lipid membrane. This shift can be used to determine 250 

the proportion of bound and free peptide, thus providing the data to construct an association 251 

isotherm that describes the peptide - lipodisk affinity. Even if the method has the drawback that it 252 
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cannot be used with peptides with no tryptophan residues it is an interesting opportunity to 253 

compare two completely different biosensor principles such as QCM and fluorimetry. This case is 254 

illustrates the same interactions as in case IV but now with the peptide in free solution and not 255 

immobilized on a surface. This approach will lead to data with no immobilization effects but other 256 

challenges need to be handled. 257 

3.1 CASE I: Nonlinear LC 258 

Here we use the procedure described above, and shown in Fig. 1, for a nonlinear LC system. We 259 

investigated the retention mechanism for the separation of glycine dipeptide (GG) and tripeptide 260 

(GGG) on 12% cross-linked agarose gel media, using mobile phases consisting of varying contents of 261 

acetonitrile in water [8]. The peptides retention times increased with increasing acetonitrile content 262 

in the eluent, demonstrating that polar binding prevails in this phase system and GGG had larger 263 

retention than GG because the larger possibilities for hydrogen bonds in case of the larger peptide.  264 

A nonlinear adsorption study was undertaken at different acetonitrile content in the eluent, using 265 

the elution by characteristic points (ECP) method on strongly overloaded peptide peaks. The 266 

combined analysis of the Scatchard plots and the AED-calculations was done when the acetonitrile 267 

content in the eluent was varied from 0 to 20%. The interactions started out being homogenous 268 

(GG), or mildly heterogeneous (GGG). When the acetonitrile content increased a more or less 269 

stronger degree of heterogeneity around one site was observed. Finally, when the acetonitrile 270 

content increased further a typical bimodal energy interaction consisting of two sites was observed 271 

(GGG at 10 and 20 %). In Fig. 2b, it can be seen how the AED of GG at 0% acetonitrile has a narrow 272 

homogenous interaction (Fig. 2a, black line) and when the acetonitrile content in the eluent 273 

increases the AED successively becomes more heterogeneous (Fig. 2a, dashed and grey lines). In the 274 

case of GGG the interactions becomes bi-modal at the highest acetonitrile contents (cf. Fig. 2b).  275 
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The Tóth and bi-Langmuir models described these interesting adsorption trends excellently [8]. The 276 

distinction between the two of heterogeneity models, Tóth and bi-Langmuir, is important in order to 277 

understand if we have a mixed mode electrostatic/hydrogen bonding, that can be described by bi-278 

Langmuir, or only hydrogen bonding, that in this case can be described by the Tóth model. If one only 279 

has hydrogen bonding the heterogeneity is caused by hydrogen bonds at different positions, i.e., 280 

there is in only one site (unimodal interactions) that have different energy levels (Fig. 2a, dashed and 281 

grey lines and Fig. 2b, black line in). Without the data processing it would have been impossible to 282 

distinguish between the principally different Tóth and bi-Langmuir models since the data fits 283 

somewhat better to bi-Langmuir from a statistically point of view.  284 

3.2 CASE II: SPR and Enantioselective LC 285 

Here we will study the binding of the β-blocker propranolol enantiomers to Cel7a cellulose, at pH 4.5 286 

and 7.5, [12] using the LC perturbation method and the focus will be on reprocessing the nonlinear 287 

adsorption data [3,41]. At the time the study was performed the AED-tool was not available and 288 

these calculations are performed here instead in order to gain more knowledge. 289 

The same enantioselective drug protein interactions have also been studied using a SPR-based 290 

Biacore 2000 biosensor assay. In [41,42] the authors clearly showed that using LC it is possible to 291 

measure the individual enantiomer adsorption isotherms by analyzing the racemic mixture. This is 292 

not possible using SPR as only the total adsorption is measured and consequently the enantiomers 293 

must be analyzed separately, however, the required amounts of protein and drug are much smaller 294 

for SPR because of the miniaturized format. Also notice that two component LC data cannot be used 295 

for AED calculations because the tool is currently not able to handle these complicated data sets. 296 

Another advantage of LC is that it is possible to determine the amount of protein in the column, e.g. 297 

by using by amino acid analysis. This is not possible using SPR because of the small amounts 298 

immobilized protein on the chips. In a recent similar study it was concluded that nonlinear LC is best 299 
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suited for weaker interactions and SPR for stronger interactions. In fact it is impossible to achieve 300 

information about very strong molecular interactions using chromatography [13].  301 

In Fig. 3 the LC perturbation result for R- and S-Propranolol on immobilized Cel7a is presented [12]; 302 

each enantiomer was injected in a series of 24 concentration levels ranging from 1.0 µM to 2.0 mM, 303 

i.e., a two thousand fold range. The Scatchard plot (Fig. 3, middle row) are curved indicating 304 

heterogeneous interactions according to the discussion in section 2.3. Moreover, the Scatchard plot 305 

contains two asymptotes, one associated with the low and the other with the high concentration 306 

range. This pattern is characteristic for a two site model, e.g. the bi-Langmuir model, with large 307 

energy difference between the two adsorption sites. The AED-calculations (Fig. 3, bottom row) for 308 

both pH-values and both enantiomers are at least bimodal. The AED-plots shows interesting 309 

differences in the adsorption at pH 4.5 and 7.5. The difference in energy of interaction (ln K) between 310 

the two adsorption sites is larger at the high pH, in other words the degree of heterogeneity is larger 311 

at pH 7.5 than at pH 4.5. The combined AED calculations and Scatchard plots indicate that the bi-312 

Langmuir model could be used to describe the adsorption data well and that when pH is increased 313 

both the affinity and the enantio-selectivity of the interaction are increased. The bi-Langmuir models 314 

fitted to the experimental data are presented as curves in Fig. 3, top and middle row. 315 

The combined Scatchard plots and AED-calculations approach revealed both the degree of 316 

heterogeneity and its pH dependence. If we only had used low concentration data only the first 317 

asymptote would have been observed (cf. Fig. 3 middle row) [5]. This would lead to the wrong 318 

conclusion that a more homogeneous adsorption model, e.g. the Langmuir model, describes the data 319 

well. This clearly illustrates the importance of a using a wide concentration range for adsorption 320 

measurements, especially for the Scatchard plots. 321 
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3.3 CASE III: QCM - Rigid Films 322 

In a recent study by Eriksson et al. [26] QCM and Eq. (1) were used to determine the adsorption 323 

isotherms of phosphorylated peptides on titanium dioxide (TiO2). As a uniform and rigid layer of 324 

adsorbed material is expected, the Sauerbrey relationship should hold. The phosphopeptide-TiO2 325 

system is of great importance, given that although TiO2 is widely used with several techniques for 326 

phosphopeptide enrichment prior to analysis, the adsorption of phosphorylated peptides on TiO2 had 327 

not been systematically characterized. The cited report pinpointed some of the main parameters 328 

defining the peptides affinity for the surface (amino acid sequence, degree of phosphorylation and 329 

salt content of the solution) and identified possible sources for biased results in most enrichment 330 

protocols. Furthermore, it was demonstrated that most of the studied peptides, with a high degree 331 

of confidence, followed the Langmuir adsorption isotherm. However, one of the studied peptides, IR 332 

(a tri-phosphorylated peptide derived from the insulin receptor), showed positive cooperativity and 333 

clearly deviated from ideal behavior. This particular peptide is of special interest since it has 334 

structural similarities with most peptides expected from the enzymatic digestion of a biological 335 

sample, i.e., peptides with a positive charged amino acid at one end. 336 

The adsorption of the IR peptide could be best described by a two layer liquid-solid extended BET 337 

isotherm [43] that considers different association constants for the peptide - TiO2 and the peptide - 338 

peptide interactions. By determining the association parameters at different salt concentrations, it 339 

was established that the peptide - peptide interaction was mainly of electrostatic origin.  340 

Fig. 4 shows the obtained isotherms and the corresponding Scatchard plots comparing the 341 

adsorption behavior of the IR peptide on TiO2 QCM sensors when no salt was added and when 50 342 

mM NaClO4 was included in the bulk solution. The concentration of the IR peptide ranged from 0.01 343 

µM to 10 µM. To illustrate the use of AED for this system a Moreau isotherm was fitted to the data. 344 

Although the physical meaning the two layers BET and Moreau adsorption isotherm Eq. (4) differ, 345 
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they both represent likely scenarios and both fit the data well. The latter is preferred in this report, 346 

as the AED calculations have not been adapted to use two layer BET adsorption isotherms; see 347 

section 2.2. The AED calculations support the conclusion reported in the original manuscript 348 

concerning the electrostatic nature of the interactions. The calculated adsorption parameters are 349 

shown in Table 1. According to the Moreau model the conclusion is that the peptide - peptide 350 

interaction is strong and increases with the ionic force. The first statement agrees with the 351 

conclusions reached by Eriksson et al., while the second contradicts them. This is an example of when 352 

two models provide reasonable results but lead to different conclusions. In complex systems, such as 353 

the one described, it is likely that the real adsorption behavior has characteristics of both the BET 354 

and the Moreau models.  355 

To conclude, the QCM experiments performed by Eriksson et al in [26] proved to be a powerful tool 356 

for systematic characterization of peptide - TiO2 interactions. Together with the three steps analysis 357 

method presented here, the obtained data is a source of very useful information that provides 358 

several alternative interpretations to better understand the adsorption process. 359 

3.4 CASE IV: QCM - Viscoelastic Films 360 

 Here we analyzed recently reported data [33] concerning the immobilization of lipodisks and their 361 

association with alpha-helical amphiphilic peptides. These peptides have enormous potential for 362 

pharmaceutical applications, as they may show antimicrobial activity. Incorporation of these 363 

peptides into lipodisks allows a sustained release of the compound and, at the same time, the 364 

peptide is protected from enzymatic degradation [44]. In the cited study it was very important to 365 

accurately determine the amount of material (lipodisks in this case) that is bound on the surface. 366 

Given that lipodisks are not rigid structures, using the Sauerbrey approach, Eq. (1), would give 367 

inaccurate results. In the cited study, it was determined, using the Voinova approach, Eq. (2), that full 368 

coverage of the sensor surface with lipodisks was achieved when 2600 ng∙cm-2 of the material had 369 
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been immobilized. If the Sauerbrey approach had been used instead, several problems would have 370 

arisen. First, each overtone would provide with a different answer and second, these answers would 371 

most likely significantly underestimate the real adsorbed amount. In the study we refer to, the 372 

amount of material immobilized would then have been 1770 ng∙cm-2 for the 3:rd overtone and 900 373 

ng∙cm-2 for the 11:th overtone.  374 

The cited paper studied and reported the association isotherms of three different peptides (melittin, 375 

mastoparan, and mastoparan X) with the lipodisks. Fig. 5 show a reevaluation of the reported data 376 

for mastoparan (MAS) and mastoparan X (MAS-X) according to the procedure described in the 377 

Theory section. The figure shows the difference in the interpretation of the data when the 378 

viscoelastic properties of the material are accounted for by the Voinova approach and when the 379 

Sauerbrey approach is used. Furthermore, the analysis of the data sheds some light on the nature of 380 

the peptide-lipodisk interaction. The original report established that the association data could be 381 

described both by a bi-Langmuir isotherm and by an isotherm proposed by Pérez-Paya et al. which 382 

accounts for peptide - peptide interactions as well as for changes in the lipodisk structure upon 383 

peptide binding [45]. As for the IR peptide example described in the previous section, the most likely 384 

explanation is that the real association behavior shares characteristics with both models.  385 

In the report  discussed here, direct fitting of the data to a bi-Langmuir adsorption isotherm provided 386 

trivial parameters. Therefore, the authors reported only “apparent” association data using the 387 

Langmuir isotherm. Fig. 5 show that the data treatment described in the Theory section enables 388 

fitting the data to the bi-Langmuir model and thus extracting useful information. The results are 389 

summarized in Table 2 and can be interpreted in the light of previous knowledge concerning the 390 

lipodisk-peptide interactions [46]. It is known that amphiphilic peptides have a high affinity for the 391 

lipodisk edges, while their affinity for the planar faces is much lower. The interactions with the two 392 

bi-Langmuir sites can therefore be assumed to represent the lipodisk edges (high affinity for the 393 
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peptides) and the lipodisk flat faces (lower affinity). The data in Table 2 agrees with this 394 

interpretation as a small number of high affinity sites (described by Reff(max)1 and K1) are found 395 

together with a larger number of low affinity sites (Reff(max)2 and K2); here the former represent the 396 

lipodisk edges and the latter the planar faces of the disks. Although the model provides a reasonable 397 

interpretation of the data, it is necessary to consider that the Pérez-Paya model fits the data well and 398 

is related to a plausible physical interpretation. As stated above, the most likely scenario is that the 399 

association behavior has, at least, both a bi-Langmuir component (two kinds of adsorption sites) and 400 

a Pérez-Paya component (peptide-peptide interactions and modification of the lipodisk properties 401 

upon peptide binding). Both models can be used to predict the association behavior, but it is 402 

necessary to consider that, separately, they provide only partial physical interpretations of the 403 

association phenomena. 404 

3.5 CASE V: Fluorimetric Determinations 405 

Peptide binding to lipodisks can also be determined using fluorimetric methods when a tryptophan 406 

residue is found in the peptide. The emission spectrum of this amino acid is dependent on the 407 

polarity of its surroundings. The spectrum of a free tryptophan-containing peptide in water is red 408 

shifted compared to when it is associated with the lipid membrane. This shift can be used to 409 

determine the proportions of bound and free peptide, thus providing the data to construct an 410 

association isotherm that describes the peptide-lipodisk affinity. Experimentally a solution of the 411 

studied peptide is titrated with small additions from a lipodisks dispersion, this means that the 412 

association isotherm is constructed starting from the high concentration end. The fluorimetric 413 

approach has the advantage of providing a much larger number of experimental points in a single 414 

measurement. However, the method’s drawback is that it cannot be used with peptides with no 415 

tryptophan residues. As suggested recently [29], artificially labeling the peptide may drastically 416 

change the association behavior, and should therefore be avoided. Furthermore, the possible effects 417 
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of starting at high peptide to lipid ratios need to be considered. Finally, the association behavior at 418 

low bulk peptide concentrations is not available, and, therefore, important information concerning 419 

the interaction with the high affinity sites is lost.  420 

Fig. 6 shows the association isotherm of MAS-X (reported in [33]) obtained with the fluorimetric 421 

method. As in the case of the QCM-D determinations, the authors [33] concluded that the data fitted 422 

very well to both the Pérez-Paya model and to the bi-Langmuir model, although, for the latter only 423 

trivial results could be obtained. Fig. 6 shows that, with help of the data processing proposed in the 424 

Theory section, the bi-Langmuir association parameters can be estimated and are: Reff(max)1 = 0.068; K1 425 

= 2.55 µM-1, Reff(max)2 = 0.043 and K2 = 0.21 µM-1. The order of magnitude of the affinity constants 426 

corresponds well with what is obtained with the QCM-D, see previous section. The Reff(max) values, 427 

however, do not correspond to the assumption that the low affinity interaction represent association 428 

with the planar part of the disks. This discrepancy is probably due to the following three facts: first, 429 

(i) the component of the isotherm described by the Pérez-Paya model is not considered; see the 430 

previous section. Then, (ii) the association data at low peptide bulk concentrations is not available 431 

and, therefore, important information concerning the high energy interaction could be missed. 432 

Finally, (iii) fluorimetric determinations, that start the collection of data at very large peptide to lipid 433 

ratios, may cause significant structural changes in the lipodisks. Among these structural changes, the 434 

dissolution of the disks into micelle-like structures cannot be discarded [47,48] These structures 435 

present a high curvature, similar to the lipodisk edges, and therefore have a high affinity for the 436 

peptides, as demonstrated previously [46]. They may therefore provide the extra number of 437 

calculated high affinity binding sites. These structural changes are minimized with the QCM-D 438 

approach, where low peptides to lipid ratios are measured first. Furthermore, if structural changes 439 

occur, they are reflected in the QCM-D response, as shown recently [33]. In the fluorimetric 440 

experiments, on the other hand, no information about the structure is available, and it is therefore 441 

unknown what kind of structures that are actually being studied in the high bulk peptide 442 
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concentration range. The parameters calculated here, however, support the hypothesis of high 443 

curvature aggregates being formed at high peptide concentrations. 444 

4 Conclusions  445 

By reprocessing previously acquired data from LC and three principally different biosensor assays we 446 

have demonstrated the importance of proper data handling throughout the whole process: from the 447 

determination of possible adsorption isotherms to the final model fitting. We can divide this process 448 

into three steps: (i) preprocessing of adsorption data, (ii) adsorption data analysis and (iii) final rival 449 

model fit. The second step prior to the model fit is to analyze the data by combining Scatchard plots 450 

with AED calculations (cf. Fig. 1) and this will significantly reduce the number of possible adsorption 451 

models.  452 

In case I, we illustrated how this three-step processing of LC adsorption data can be used to 453 

distinguish between two mechanistically totally different heterogeneous models: one with mixed 454 

electrostatic/hydrogen bonds and one with hydrogen bonds with different energies. These two 455 

models would have been impossible to distinguish otherwise.  456 

In case II, data from LC perturbation experiments were further treated numerically with the 457 

suggested three-step procedure [12]. In this case the heterogeneous adsorption was clearly shown 458 

using the combined Scatchard and AED-calculation approach, a classic linearization using only 459 

Scatchard plots would have missed this. This case also shows the importance of having a large 460 

concentration range because the Scatchard plot contains two asymptotes, one associated with the 461 

low and the other with the high concentration range. Without the high concentration range data one 462 

could easily have mistaken the adsorption process for a homogeneous Langmuir model. 463 

In case III QCM was used to characterize the adsorption behavior of phosphorylated peptides on 464 

TiO2. The adsorption data in this case where described with an adsorption isotherm containing an 465 
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inflection point and we demonstrated how this was easily observed in the Scatchard plot. This case 466 

also shows that the adsorption processing approach used in this study is capable of handling even 467 

complicated adsorption models that contains inflection points, such as the Moreau model. 468 

In case IV interaction between the peptide mastoparan and mastoparan X with lipodisks were 469 

investigated using QCM-D and this case highlights two important issues. First, the importance of 470 

preprocessing the measured data to make sure that the data used is proportional to adsorbed 471 

amount. The second issue was that even small changes in the peptide sequence can lead to large 472 

differences in the adsorption properties. For both peptides, it was possible to reveal that the 473 

association behavior probably has, at least, both bi-Langmuir and Pérez-Paya adsorption 474 

components. Therefore these models can, separately, only provide partial physical interpretations of 475 

the association phenomena. 476 

One drawback with measuring adsorption isotherms using LC, QCM and SPR is that the ligand is 477 

immobilized on a surface and this is probably also going to affect the measured adsorption isotherm. 478 

One solution to this is to measure the interaction in free solution by using a fluorescence assay as we 479 

did in the case V for mastoparan X. Here we noted that the order of magnitude of the affinity 480 

constants corresponds well with the ones obtained in case IV, but the assumption that the low 481 

affinity interaction represents association with the planar part of the disks, as was concluded in case 482 

IV does not hold. This discrepancy could be due to several reasons, e.g. that fluorimetric 483 

determination may cause significant structural changes in the lipodisks. These structural changes are 484 

minimized with the QCM-D approach and if they occur it is reflected in the QCM-D response, but not 485 

in the fluorimetric experiments. This therefore demonstrates that the measurement itself could 486 

modify the studied system. 487 

The above clearly demonstrates that much more information can be extracted from the adsorption 488 

data using the three steps adsorption data processing approach compared to the classical 489 
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linearization and use of the Langmuir model. Moreover, the data processing tools developed are not 490 

platform dependent and can be used for both LC and biosensors. 491 
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FIGURE CAPTIONS 563 

Figure 1: Illustration of (a) the Scatchard plot and (b) the corresponding AED calculations for three 564 

different adsorption data sets. Dataset 1 is a Langmuir adsorption model, dataset 2 a Tóth adsorption 565 

model and dataset 3 a bi-Langmuir adsorption model. 566 

Figure 2: AED-calculations for (a) GG and (b) GGG at different eluent contents of acetonitrile: 0% 567 

(black solid lines), 10% (dashed lines) and 20% (gray solid lines). The AED were calculate using 300 568 

grid points and 200 000 iterations. Reprinted from Ref.  [8], Copyright 2013, with permission from 569 

Elsevier.   570 

Figure 3: Association isotherms (top), Scatchard plots (middle), and AED calculations (bottom) using 571 

300 grid points and 100 000 iterations describing the adsorption of R-propranolol (left) and S-572 

propranolol (right) on Cel7a. Calculated from experimental data reported by Robert Arnell et al. [12], 573 

symbols are experimental data, lines are fitted data and Ru is response units. 574 

Figure 4: Adsorption isotherms (top left), Scatchard plots (top right) and AED calculations using 300 575 

grid points, 100 000 iterations and a h-value of 200 (bottom) describing the adsorption of IR on TiO2 576 

QCM sensors. Black line: with no added salt, gray line: with 50 mM NaClO4 added. Experimental data 577 

are from [26]. 578 

Figure 5: Association isotherms (top), scatchard plots (middle) and AED calculations using 300 grid 579 

points and 100 000 iterations (bottom) for mastoparan (left) and mastoparan X (right), respectively. 580 

Calculated from experimental data reported by Agmo Hernández et al [33], Reff is effective associated 581 

peptide/lipid mole ratio. 582 

Figure 6: Association isotherm (top left), scatchard plot (top right) and AED calculated using 300 grid 583 

points and 500 000 iterations (bottom) for mastoparan X. Calculated from fluorimetric data reported 584 

by Agmo Hernández et al [33]. 585 



Table 1: Adsorption parameters of IR on TiO2 according to the Moreau isotherm 

NaClO4 
[mM] 

K 
[µM-1] 

h 

0 0.566 235 
50 0.063 2631 

 



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 

[µM-1] 
Reff(max)2 K2 

[µM-1] 

Mastoparan 
Sauerbrey 0.1 138 0.30 1.60 

Voinova  0.085 186 0.28 1.94 

Mastoparan X 
Sauerbrey 0.084 4.5 699 3.37×10-6 

Voinova  0.043 16.8 0.07 0.32 
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