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Title: 1 

Long term kinetic measurements revealing precision and general performance of Surface 2 

Plasmon Resonance biosensors 3 

Highlights: 4 

1. Major error sources: surface phenomena and regeneration, and dilution steps 5 

2. High precision can be achieved, e.g. approx. 3-6% RSD% for dissociation constants 6 

KD 7 

3. Control charts contribute to an overall better system performance 8 

Abstract: 9 

This work presents an extensive parameter list that facilitates a survey of biosensor 10 

performance using Biacore instruments for kinetic binding studies. Six long term 11 

measurements were performed using a strongly interacting antigen-antibody (β2 12 

microglobulin) system. Both Single Cycle Kinetic (SCK) and Multi Cycle Kinetic (MCK) were 13 

executed each with five different analyte concentrations. The overall comparison of the long 14 

term monitored parameters, like the dissociation constant (KD with approximately 3 to 6% 15 

relative percental standard deviation), the association and dissociation rate constants (ka, kd), 16 

the analyte binding capacity (Rmax), chi2 and the sum of the absolute values of the residuals, 17 

revealed the delicate factors that make the system performance vulnerable. The main 18 

influential factors on kinetic performance were the regeneration conditions, the quality of the 19 

sensor surface, the usage time and alteration of the sensor surface, the dilution series and 20 

the number of run cycles (about 250-600 per chip). Moreover the direct comparison of MCK 21 

and SCK uncovered distinct differences in the accuracy of the KD values. The study of sensor 22 

chips from two manufacturers showed distinct differences in the precision of the data. Using 23 

control charts for the surveillance of these parameters contributes to an overall better system 24 

performance. 25 

Keywords: 26 

System performance; Surface Plasmon Resonance; Control charts; Human β2 microglobulin; 27 

Kinetic constants; Biosensors. 28 

Abbreviations:  29 

SCK, Single Cycle Kinetic; MCK, Multi Cycle Kinetic; KD, dissociation constant; ka, 30 

association rate constant; kd, dissociation rate constant; Rmax, surface analyte binding 31 

capacity; SPR, surface plasmon resonance; ICH, International Council for Harmonisation of 32 

Technical Requirements for Pharmaceuticals for Human Use; EU, European Union; GMP, 33 

good manufacturing practice; USP, United States Pharmacopoeia; HPLC, high performance 34 

liquid chromatography; CE, capillary electrophoresis; ITC, isothermal titration calorimetry; 35 

b2m, β2 microglobulin; RU, response units; IFC, integrated µ-fluidic cartridge; SD, standard 36 

deviation; RSD%, relative standard deviation in percent; SE, standard error; RI, bulk 37 

refractive index contributions in the samples; kt, mass transfer constant; SOP, standard 38 

operational procedure. 39 

1. Introduction: 40 

1.1. Measuring drug-target interactions and Surface plasmon resonance analyses 41 
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A key step for the development of new drugs is the study of drug-target interactions by ligand 42 

binding assays. For characterization of biomolecular interaction and antigen-antibody 43 

interactions in particular, one of the most applied ligand binding assay employs surface 44 

plasmon resonance (SPR). SPR is a very suitable approach for measuring dissociation 45 

constants of drug-protein interactions because it covers a really broad range of dissociation 46 

constants that are accessible (KD from 10-3.5 to 10-10.5 M). Moreover this technique facilitates 47 

label-free binding analysis studies of biomolecules such as affinity, kinetic, thermodynamics 48 

and specificity analysis in real-time [1,2]. In a typical SPR analysis setup one binding partner 49 

(the ligand) is bound to the surface and the other partner (the analyte) flows over the surface. 50 

The SPR sensor measures the refractive index change emerging through the association 51 

and dissociation of the analyte to the ligand.  52 

Therefore SPR is an important application in pharmaceutical industry for drug discovery and 53 

proteomics especially from drug development to quality control and assurance [3]. 54 

Irrespective of the analytical technique qualified instruments and validated assays are an 55 

indispensible prerequisite for gaining precise and accurate results. Important guidelines like 56 

those of the ICH [4], EU GMP [5] and USP chapter 1058 [6] are the cornerstones in this field. 57 

Nevertheless there are, to the best of our knowledge, no publications dealing with analytical 58 

parameters of SPR instruments for performance qualification until now. 59 

1.2. System performance 60 

Existing validation reports and papers [7–10] have already established important parameters 61 

that have to be taken into account for biosensor assay development. The works of 62 

DiGiacomo [7] or Myszka [8] treat in detail issues in the development of new methods and 63 

assays and give important guidance to examine parameters like mass transport and its 64 

limitations, unspecific binding and baseline drifts. Based on these publications the present 65 

work outlines the key parameters for evaluating the performance of a SPR instrument. 66 

Leaving aside method development and validation it focuses on the most important 67 

parameters for performance qualification. The execution of long term kinetic measurements 68 

illustrates the different parameters which have a general influence on the system 69 

performance. Moreover these long term measurements decisively reveal covert tendencies 70 

or biases which are invisible in short term tests or normal use. Thus this study is working 71 

towards a general performance qualification method for surface plasmon resonance 72 

biosensors because this concept proved to be highly beneficial in the context of other 73 

analytical techniques such as HPLC [11] or CE [12]. For this purpose an already well 74 

established method was used in this study, the human β2 microglobulin antigen-antibody 75 

system [13,14]. Using an established method allows not to care about influences which 76 

hamper the performance but are mostly or exclusively associated with assay or method 77 

development. For example basic information like immobilization levels or suitable 78 

regeneration conditions are already checked out. Furthermore, the error sources matrix 79 

effects and aggregation can be prevented ab initio by using clean and purified sample 80 

material. Matrix effects and aggregation can certainly be major factors in SPR assays, but 81 

this important but complicated issue will need another comprehensive study.  82 

Biacore devices have a system check option to control the basic functions of the instruments. 83 

Especially fundamental issues of the system like pump calibration and noise are monitored. 84 

This test can be performed by every Biacore user and it is recommended to retest it 85 

repeatedly. Furthermore in Biacore handbooks the fundamentals of the measurable 86 

parameters are well explained and give a good guidance in evaluating these parameters and 87 
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the quality of the measurements [13,15,16]. Moreover the evaluation software 2.0 of the 88 

Biacore X100 for example gives a first assessment of the measured parameters with a color 89 

coded ranking after each run. This tool gives a good and first evaluation of the used method 90 

and is a great support for method development and validation although it is not able to 91 

assess the performance of the instrument and especially not in long term measurements. As 92 

mentioned above no publications are concerning parameters that influence the qualification 93 

of performance in SPR instruments until now to our knowledge. An initial performance 94 

qualification option can only be executed by the technical support of the manufacturer (GE 95 

Healthcare) so far [17,18]. In this study for the first time long term SPR measurements were 96 

monitored by control charts which proved to be a powerful tool to reveal critical parameters of 97 

the system performance. Hence a monitoring system for the most important parameters such 98 

as ka was developed using straightforward control charts. 99 

1.3. The dissociation constant 100 

The characterization of the drug-protein binding is usually performed by measuring the 101 

parameter dissociation constant KD (or the reciprocal binding constant KA respectively). KD is 102 

directly dependent on the kinetic rate constants of a binding situation, more precisely it 103 

derives from the qoutient of the kinetic rate constants. In order to achieve maximum binding 104 

efficiency the KD is often optimized for a class of substances in medicinal chemical 105 

investigations [19]. The KD is regulated by the individual values of the rate constants, kd and 106 

ka. These rate constants can differ although their ratio (KD) remains constant. Therefore the 107 

accurate measuring of the rate constants is a prerequisite for significant KDs. Furthermore KD 108 

can be utilized to develop a deeper thermodynamically understanding in different binders by 109 

estimating the free energy or rather enthalpy and entropy [20]. For gaining the best results 110 

the used technique for measuring the dissociation constants plays an important role. So in 111 

the literature more than 20 very different techniques have been described for determining 112 

biomolecular binding kinetics of drug-protein interactions, such as equilibrium dialyses, 113 

ultrafiltration, ultracentrifugation, capillary electrophoresis techniques, spectroscopic 114 

techniques, calorimetric techniques and SPR [21,22]. Three of the most frequently used 115 

methods to measure the binding affinity of protein-target or especially protein-protein 116 

interactions are ITC, SPR and fluorescence based methods [23]. Past benchmark studies 117 

have explored the variability of kinetic rate constants across laboratories and instruments but 118 

(unfortunately) limited to SPR analytics [24–26]. 119 

The determination of binding affinity is clearly method depending since each method has its 120 

specific limitations [23]. Thus there is no single true KD value and one cannot expect that 121 

different techniques provide identical dissociation constants [20]. Irrespective of the method 122 

an indispensible prerequisite for the determination of accurate and precise KD values is a 123 

comprehensive system performance qualification. Therefore it is important to gain deep 124 

insight into the capability of the SPR system(s).  125 

2. Materials and Methods: 126 

2.1. Materials 127 

Experiments were performed using a Biacore X100 from GE Healthcare (Uppsala, Sweden). 128 

Biosensor data produced were evaluated with Biacore evaluation software 2.0 in a 1:1 global 129 

fit. The mouse antibody against human β2 microglobulin (clone B2M-02, 150 kDa) and the β2 130 

microglobulin (b2m, 11.8 kDa) from human urine were purchased from Sigma-Aldrich (Saint 131 

Louis, USA). Four CM5 sensor chips, the amine coupling kit containing 0.1 M N-132 
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hydroxysuccinimide (NHS), 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 133 

1.0 M ethanolamine-HCl pH 8.5 and the maintenance products were obtained from GE 134 

Healthcare (Uppsala, Sweden). Two SPR Sensor chips CMD 500 l where purchased from 135 

Xantec bioanalytics. The regeneration solution 10 mM glycine-HCl pH 2.5 and the running 136 

buffer HBS-EP+ (HEPES 10 mM, NaCl 150 mM, EDTA 3 mM, polysorbate 20 0.05% v/v at 137 

pH 7.4) were prepared with ultrapure water and filtered with a nylon filter of 0.2 µm. 138 

2.2. Immobilization, pre and post treatment 139 

The immobilization and all following binding and kinetic measurements of anti-b2m antibody 140 

were performed at 25 °C and a flow rate of 30 µL/min. The protocol used was the 141 

immobilization and assay workflow of the Biacore Getting Started Kit [13] for kinetic 142 

measurements. The anti b2m antibody was immobilized to the sensor surface of each sensor 143 

chip using the amine coupling kit of GE Healthcare, resulting in a surface density of 144 

approximately 1200 response units (RU). One of the two flow cells was left blank for double-145 

referencing the sensorgrams. After immobilization the maximum binding capacity was 146 

determined to monitor the activity of the bound antibody. Therefore three high concentrations 147 

of b2m (64, 128 and 256 nM in HBS-EP+) were measured to saturate the ligand binding sites 148 

on the surface and to determine the highest possible RU (real Rmax). This test was repeated 149 

for each respective chip at the end of the set of kinetic measurements to monitor changes in 150 

real Rmax. 151 

Maintenance steps were performed to desorb and to sanitize the tubing and the flow cells 152 

(IFC) of the instrument as well as system check and pump calibration to monitor and 153 

maintain system status [8]. Desorbing was done at least every 30 runs, desorbing and 154 

sanitizing approximately every 60 runs directly followed by system check and pump 155 

calibration. When running maintenance the chips were stored in HBS-EP+ at 4 °C. 156 

2.3. Single cycle kinetic (SCK) measurements 157 

Five different analyte concentrations (2, 4, 8, 16 and 32 nM) were prepared with running 158 

buffer HBS-EP+ by subsequently diluting the stock solution of analyte (128 nM) as described 159 

in [13] for the SCK1 set. The serial dilution work flow was modified to a new pipetting schema 160 

for the SCK2 set though the concentrations remained the same. Hereupon every 161 

concentration was diluted individually from the stock solution. The workflow assays were 162 

implemented as recommended in [13] for kinetic measurements and for surface 163 

regeneration. Three SCK measurements were performed of one daily fresh serial dilution. In 164 

the SCK assay setup one start-up cycle to clear the surface is followed by two blind cycles 165 

for subtraction of baseline noise. Then the actual kinetic measurement follows in one cycle 166 

measuring the different analyte concentrations sequential in a titration way upwards to the 167 

highest. Every cycle is followed by one regeneration step of 30 seconds [27]. As a result can 168 

be stated that for one set of kinetic rate constants four cycles and four regenerations 169 

respectively have to be carried out. 170 

2.4. Multi cycle kinetic (MCK) measurements 171 

MCK assays start with two start-up cycles followed by one blind cycle. After this the analyte 172 

cycles (all concentrations in separate cycles) take place again followed by one blind cycle. In 173 

difference to SCK setup in MCK every cycle is associated with two regeneration steps for 174 

improved baseline return. The MCK1 set (/chip) was measured with a fixed sequence of 175 

analyte cycles (8, 4, 2, 16, 32 nM) whereas in the other set (/chip) of MCK2 five different 176 

sequences in a randomized pattern were implemented (1. 32, 16, 8, 4, 2 nM; 2. 2, 4, 8, 16, 177 
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32 nM; 3. 8, 4, 2, 16, 32 nM; 4. 4, 32, 2, 16, 8 nM; 5. 8, 4, 32, 2, 16 nM) [8]. According to 178 

SCK in MCK for one set of kinetic rate constants nine cycles have to be carried out at least 179 

and hence 18 regeneration steps because of two regeneration steps per cycle. 180 

2.5. Evaluation 181 

The parameters determined by the Biacore evaluation software 2.0 in kinetic evaluation on 182 

the basis of curve-fitting algorithms were extracted to Microsoft excel 2007 worksheets 183 

generated for these experiments. The arithmetic mean, the standard deviation (SD) and the 184 

relative standard deviation in percent (RSD %) were calculated for all values. The “raw” 185 

residuals were extracted from the residual plots of the evaluation software. The absolute 186 

values of these “raw” residuals were taken and summed up to create the sum of the absolute 187 

values of the residuals for every single kinetic measurement. All plots were generated with 188 

OriginPro 2016G. 189 

3. Discussion and Results: 190 

3.1. Parameters monitored 191 

The purpose of this study was to identify the parameters that reflect best the instrumental 192 

performance of a Biacore X100 using a typical antigen-antibody binding study carried out by 193 

the SPR measurements. The parameters monitored for evaluating the performance were the 194 

association and dissociation rate constants (ka and kd), the dissociation constant (KD) and the 195 

analyte binding capacity of the surface (Rmax) all with their respective standard errors (SE). In 196 

addition the sum of the absolute values of the residuals from the fitted curve to the 197 

experimental data (sensorgram), the average squared residuals (chi2), the bulk refractive 198 

index contributions in the samples (RI) and the mass transfer constant (kt) were plotted. 199 

All these parameters were analyzed in a long term kinetic study on one Biacore instrument to 200 

identify the most stable settings of a future PQ method. Secondly, it was analyzed which 201 

parameters indicate best the changes within the system, e.g. through the aging of the chip or 202 

rather of the bound antibody. In summary it is interesting to understand, which parameters 203 

react most sensitively to instrumental or external influences. 204 

3.2. Analyte binding capacity (Rmax)/ Surface performance 205 

The analyte binding capacity of the ligand (Rmax) is a global parameter directly given by the 206 

Biacore evaluation software. It is useful to continuously monitor the binding capacity over the 207 

time period the chips are in use, in order to get information about the condition and lifetime of 208 

one chip and thus about changes of surface performance. The Rmax represents directly 209 

changes of the efficiency of the analyte binding capacity over the whole long term study due 210 

to the covalent immobilization of the antibody on the surface.  211 

The regeneration step is one of the essential influences on the analyte binding capacity. An 212 

example for the critical effect of inefficient chip regeneration is illustrated by the comparison 213 

of the long-term MCK measurements of MCK1 and MCK2 (cf. Fig. 2). For each test series 214 

one chip was used, respectively. In MCK1 the values of Rmax remain steady over all 215 

measurements and only decrease throughout the usage time with increasing number of runs. 216 

However in MCK2 the Rmax shows much stronger variations over the whole number of runs 217 

generated by the varying sequences of the sample concentrations in each measurement (cf. 218 

section 2.4.). In measurements starting with higher concentrated samples the regeneration 219 

steps were mostly not sufficient and the Rmax value increased, unlike to measurements 220 
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starting with lower concentrations (cf. Fig. 1). Interestingly the all over decrease of Rmax was 221 

similar to the one of MCK1 over the whole usage time of the MCK2 chip. Harsher 222 

regeneration conditions can have an unwanted effect on the protein structure of the 223 

covalently bound ligand contrary to slightly insufficient regeneration conditions. Harsher 224 

conditions can destroy the activity of the ligand very quickly. Hence it was necessary to 225 

improve the inefficient regeneration condition but without affecting the activity of the ligand 226 

too much. A suitable solution to this challenge was to add a repetitive regeneration step and 227 

not to change the regeneration buffer. Changing to harsher conditions like lower or much 228 

higher pH leads to too many differences between the setups. Variances in the experimental 229 

setups should be avoided in order to preserve the comparability between the experiments. 230 

Figure 1 shows the importance of the second regeneration step. In the MCK setup every 231 

concentration is measured in a separate cycle. Therefore no start-up cycles are taking place, 232 

which would have an additional cleaning effect on the surface, before the second to fifth 233 

concentrations are measured. Remaining analyte on the surface exhibited major effects on 234 

the obtained data if the surface was not cleaned with a second repetetive regeneration step 235 

of Glycine 10 mM pH 2.5 for 30 seconds.Thus this example of sensor surafce regeneration 236 

problems evidently reveals that the Rmax reflects very good the efficiency of the regeneration 237 

conditions and steps. 238 

In comparison to SCK in MCK measurements the analyte binding capacity Rmax did not 239 

decrease proportionally to the number of regeneration steps. Although the MCK setup 240 

afforded five times more regeneration steps per set of kinetic measurements the decrease of 241 

Rmax was not more pronounced than under MCK conditions. This indicates that the total 242 

number of regeneration steps has a minor influence on the analyte binding capacity. The 243 

time period the chips are used including storage time and run cycles is probably the major 244 

factor for influencing the surface performance (Fig. 2).  245 

In this study it can be observed in Figure 2 that SCKs performed on the two chips from 246 

Xantec offer a higher immobilization level although using the same immobilization assay in 247 

these two measurement setups. Furthermore they show particularly constant values without 248 

any major variations. Hence the composition of the chip surface turned out to be a further 249 

influential factor on Rmax. Both kinds of chips are declared to be produced with the same 250 

surface properties in length of the dextran chains and occurrence of the carboxymethyl 251 

groups by the manufacturers. Thus relating to manufacturers’ data the Biacore and the 252 

Xantec chips are supposed to behave equally. However, they are different not only in their 253 

constancy of values but also in their immobilization levels. The manufacturing method is 254 

obviously not the same and this can have an effect on the performance. Accordingly the chip 255 

properties have a great impact on the method validation. However to measure the 256 

performance of the instrument for qualification one is dependent on the Rmax and therefore 257 

the sort of chips has an impact on the PQ too. 258 

The four Biacore chips were immobilized with Rmax levels between 110 and 80 RU whereas 259 

the Xantec chips show a higher and possibly more stable level of approximately 120 RU. 260 

Nevertheless a disadvantage of the Xantec chips in contrast to the original Biacore chips is 261 

the less user friendly storage behavior. Biacore chips can easily be stored in HBS-EP+ buffer 262 

or other running buffers at 4 °C. If anything the chips lose a little bit of active antibody from 263 

the surface (cp. Figure 2 where the chip of SCK2 was stored in buffer in the fridge after run 264 

35 for 4 weeks and the Rmax scarcely decreases). Whereas the Xantec chips have to be 265 

stored dry and under inert gas atmosphere (with a droplet of stabilization buffer on the gold 266 

surface) because of the hydrogel coated surface which possibly could be hydrated when 267 

stored in buffer [28]. This hydrated hydrogel surface can then potentially stick to the optical 268 

interface of the instrument and damage it when the chip is docked. In Figure 2 (and Figure 5) 269 
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the poor storage behavior is represented in the SCK Xantec 1 data after run 50 where the 270 

chip was stored dry under argon atmosphere in the fridge for two days. The decrease of the 271 

Rmax during this interruption was about 14 RU. This decrease was not influencial for the 272 

kinetic values probably because of the initially higher immobilization level but it is important 273 

to monitor such alterations to estimate the long time performance and life time of the chip 274 

and the significance of all the values obtained. To reduce this unfavorable storage effect the 275 

manufacturer recommends a special stabilization buffer to be dropped on the surface of the 276 

chip while storing under dry conditions to keep the bound ligand hydrated and active [28].  277 

Additionally to the storage behaviour Figure 2 exemplifies the scatter in the Rmax value, in 278 

particular with regards to the SCK2 and MCK2 where the values spread broader in general. 279 

However Figures 6 and 7 prove that Rmax is of no substantial influence on the kinetic data. 280 

Even after 70 runs with Rmax down to half of its initial value only a moderate increase of ka 281 

and kd can be seen. Nevertheless it is important to monitor the Rmax together with the kinetic 282 

data because changes on the surface of the chip can then easily be recognized. Changes of 283 

the ligand on the chip surface have an influence on the kinetic rate constants because these 284 

become more variable at the final stages of the chip-lifetime. In fact, Rmax is the only variable 285 

which reflects this. Thus the Rmax value is a definitely suitable parameter for the surveillance 286 

of the chip surface over the whole chip-lifetime. 287 

3.3. Dissociation rate constant (kd) 288 

The kinetic values kd and ka and the resulting KD from the ratio of kd/ka are extracted from the 289 

experimental curve by the Biacore evaluation software with a fitting algorithm. Observing the 290 

experiments over the course of time it became apparent that kd was the more stable and 291 

independent parameter to monitor in this work (cf. Fig. 5). Over all long term measurements 292 

the RSD % of the kd was between 2.5 and 6.2 % over a period of at least 30 up to 90 kinetic 293 

measurements for each tested chip. 294 

The dissociation rate constant is almost completely independent of external influences. As a 295 

consequence kd is a very useful value to measure the system suitability. On the contrary kd is 296 

unsuitable to be monitored in long term measurements to obtain information about the 297 

external influences. 298 

In the plot of kd of SCK Xantec 1 it is possible to observe a slight but distinctive increase of 299 

the value over time (Figure 6). This increase could indicate a slow alteration of the surface of 300 

the chip by e.g. the bound antibody. Probably the regeneration steps detach some antibodies 301 

and the remaining antibodies are easier to be assessed and departed such that the kd 302 

increases as well as the association rate constant ka (cf. Figure 6). However ka is further 303 

influenced by several parameters such as the dilution protocol (section 3.4.). This will be 304 

discussed further in section 3.10. 305 

For kinetic measurements it is recommended to immobilize as little as possible [8] but as 306 

much as necessary such that the signal does not disappear in the baseline noise. In this 307 

study the reduction of the immobilization level was discussed as a further approach. The 308 

reduction of the immobilization level is common practice for optimizing kinetic measurements 309 

during early method development. It was rejected here because our aim was to perform this 310 

study with a well-established assay and because the employed immobilization level proved 311 

to be very well acceptable. Any changes would have decreased the comparability between 312 

the past and future measurements using this prominent assay. 313 

3.4. Association rate constant (ka) 314 
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In contrast to kd association rate constant ka was most suitable for monitoring the 315 

instrumental and external influences because it turned out to be most sensitive for any 316 

variations of the measurement process. This became apparent in the control charts of ka of 317 

all chips (cf. Figures 3 and 4 as example). For example the exchange of vials for the dilution 318 

series from one manufacturer to another increased the spreading of the values in ka of SCK1 319 

(cf. Figure 3). In this context the influence of leaching from plastic disposables has to be 320 

taken into account [29,30]. The substances leaching from plastic vials in the aqueous buffer 321 

can affect the protein function or surface/interface tension of the solution and therefore the 322 

outcome of the kinetic assay. Different producer of plastic vials can introduce diverse 323 

leachables in different amounts and therefore influence the kinetic values in various ways. 324 

For this reason the vials were changed back to the first vial type. Further modifications of ka 325 

caused by external influences can be seen in Figure 4 in the control chart of SCK Xantec 1, 326 

but also in Figures 3 and 6. Firstly the Figures show an incontrovertibly strong correlation 327 

between the ka and the dilution series which appears in the grouping of three connected ka 328 

data points each. This correlation arises from the measurement of always three respective 329 

runs out of one dilution series each day. If a mistake or a slight variation occurs in the 330 

preparation of the dilution series [31–33] the parameter ka will reveal this. This effect is 331 

observable in Rmax (cf. Figure 2), too, but milder in its appearance. Secondly ka in SCK 332 

Xantec 1 (Figure 4) illustrates well the drift upwards of ka over the time as aforementioned (in 333 

section 3.3.). Thirdly the more strongly varying ka values in SCK Xantec 1 after run 50 334 

indicate that the handling operator is a very powerful influence even though he is widely 335 

experienced and is following a standard operating procedure (SOP). The RSD%s of ka 336 

spread enormously over all long term measurements between 4 and 35 %. Presumably a 337 

person can not reach the accurateness of for example pipetting robots but with longer 338 

experience one can gain a very high precision. Established procedures as well can never 339 

completely avoid deviations caused by unwritten aspects like exact movements of the hand 340 

for every working step which pose a potential for spreading values. Nevertheless SOPs are a 341 

very helpful tool and indispensable in every lab because of their harmonization of the work 342 

flow.  343 

3.5. Dissociation constant (KD) 344 

KD shows a comparable fluctuation range as ka but is normalized through kd which is more 345 

stable (cf. Figure 8 and section 1). At this point it is important to distinguish between 346 

precision and accuracy. Precision is defined as the measure of random errors respectively 347 

the spreading of repetitive measurements of matching experimental setups, whereas the 348 

accuracy describes the fluctuation around the true value of repetitive measurements of 349 

matching experimental setups. This can be explained on the basis of the MCK 350 

measurements. The only difference between MCK1 and MCK2 was the varying sequence of 351 

the differently concentrated analyte samples. In MCK1 the value of KD has a RSD % of 352 

8.31 % which exhibits just some spreading, or in other words the values are exceptionally 353 

close to each other. Accordingly the precision of the KD is quite good. This precision can be 354 

related to the fixed sample injection sequence. The fixed sequence smoothens the deviation 355 

of the occuring values because every time it is the same last concentration in the fixed 356 

sequence which influences the most the unefficient regeneration (cp. section 3.2). This 357 

results in an error of always the same order/magnitude. Whereas in MCK2 (the series with 358 

random sample sequence) the values of KD spread more widely and therefore have a RSD % 359 

of 15.1 % revealing a worse precision. The reason for this is that in MCK2 every sample 360 

sequence exhibits its own error as a result of the differing residue of analyte after every run. 361 
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Therefore the KD values deviate more. However MCK2 describes the measurement error 362 

more realistically because the variability due to the regeneration step is considered better for 363 

the β2 microglobulin antigen-antibody system (Figure 7). This is why MCK2 is to be 364 

supposed less precise but more accurate in the average than MCK1. Figure 7 shows that 365 

MCK1 is more precise and possibly less accurate in comparison to MCK2 because its KDs 366 

are on the bottom line of all of our measured KDs. Accuracy is a lot more difficult to assess 367 

compared to precision. In order to determine the exact true value interlaboratory trials [24] 368 

with diverse techniques [21,25] and operators are required, as mentioned in the introduction. 369 

3.6. chi2 370 

Chi squared (χ2; chi2) is a parameter depicting the goodness of fit. It is used in the Biacore 371 

evaluation software to describe the differences from the experimental data of the sensorgram 372 

to the fitted curve. 373 

�ℎ�² =
∑ (�� − �
)

�

�

� − �
 

Equation 1: chi2 374 

The threshold up to which chi2 is accepted needs to be defined before starting the 375 

measurements. The threshold limit value depends on the analyte ligand system used but a 376 

value ≤ 10 is acceptable in most of the cases [34]. In the present work the worst chi2 value 377 

was about 3.07 (in SCK 1 in run 14) in our set of experimental data. The chi2 was between 378 

0.2 and 0.8 in the average of all sets of kinetic measurements. Thus in this system the chi2 is 379 

very far below the mostly requested threshold. Nevertheless the MCK setup provided lower 380 

χ2 values (MCK1 0.2, MCK2 0.4) than the SCK setup (SCK1 0.5, SCK2 0.8, SCK Xantec 1 381 

and 2 0.6). The chi2 depicts very well changes of single measurements in numerical values 382 

for this antigen-antibody system. Thus the increase of chi2 above the average leads also to 383 

an evident change of the kinetic data. For example the comparison of the runs 13, 31, 79 and 384 

84 in Figures 3 and 8 show the changes of the kinetic data (ka) and the parallel rise of the 385 

chi2 value which demonstrate the strong correlation of both parameters. Therefore it is a 386 

valuable indicator to depict changes in this study. Admittedly the original shape of the curve 387 

is in some cases more important than the chi2 value itself. Hence it is always recommendable 388 

to (re)consider the sensorgram i.e. the curve progression and not to underestimate its 389 

importance. 390 

3.7. Sum of the absolute values of the residuals 391 

The sum of the absolute values of the residuals was monitored for each kinetic measurement 392 

and for each individual chip in the long-term measurement series. Moreover the sum of the 393 

absolute values of the residuals can be calculated for every single concentration that was 394 

measured. Thus a plot can be generated of the sum of the absolute values of the residuals 395 

for each concentration in a long-term study. The possibility to monitor single concentrations 396 

as well as the sum of the absolute values of the residuals enabled to observe small 397 

deviations in the dilution series. Furthermore it revealed which concentration showed the 398 

largest deviations over all measurements or in every single run over the whole time course. 399 

In this study the lowest values for the sum of the absolute values of residuals for SCK and 400 

MCK were found at the concentrations of 8 nM and 32 nM, although the value for 32 nM 401 

included the 600 seconds of dissociation time in SCK measurements. It was striking that 402 

even in MCK2 with a random sequence of measured concentrations those two showed the 403 

lowest discrepancy. This value is a supplemental parameter to illustrate the goodness of fit 404 
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between the experimental curve and the fitted curve. Therefore it shows the comparable 405 

discrepancies as the chi2 but is calculated differently (cf. section 2.). In this study it was 406 

helpful to have a further parameter to monitor the long term developing of the values. 407 

Furthermore this parameter was used to validate the chi² in our measurements, but for 408 

further works it is possibly nonessential. 409 

3.8. Mass transfer constant (kt) 410 

In case of the β2 microglobulin test system and the MCK measurements kt was about 108 
411 

RU*M-1*s-1 and hence in the accepted range [15]. Whereas in the SCK measurements kt 412 

yielded 1021 RU*M-1*s-1.This value is so unreasonably high that it indicates no mass transfer 413 

limitations at all for this measurement system. Often the kt is a parameter with rather low 414 

significance because it can cover a wide range of values without effecting the closeness of 415 

the fit [15]. Nevertheless it has an important control function because if measurements do not 416 

work as expected and the kt values do not keep the limit this will be a crucial indication that 417 

the system is mass transfer limited [15,34]. Thus the mass transfer effect should be 418 

controlled in the step of method development. 419 

3.9. Bulk refractive index contribution (RI) 420 

The RI is directly dependent on the optical refractive index of the analyte solution. In turn the 421 

optical refractive index depends on the concentration of the analyte and the buffer 422 

constitution. The RI was a quite stable parameter in this study though it indicated outliners as 423 

well as the chi2 in some cases in parallel. This indicates that some outliners which are visible 424 

in Rmax, the kinetic values, chi2 and the RI are caused by dilution errors. In contrary to those 425 

outliners that are only visible in Rmax, the kinetic values and chi2. These were more probably 426 

induced by other external or internal influences as the dilution series. 427 

3.10. MCK and SCK in comparison 428 

The first set of MCK measurements was performed with a fixed order of analyte 429 

concentration whereas the second set was performed in a randomized pattern. The intention 430 

of the first set was to create a setup as comparable as possible to the SCK measurements to 431 

minimize the discrepancy of the data collected. In contrast, however, the values of the kinetic 432 

constants differed more between the SCKs and the MCK1 with fixed order than between the 433 

SCKs and the MCK2 with random injection sequence.  434 

Furthermore the phenomenon of increasing kinetic rate constant became visible over the 435 

long term measurements. Especially in MCK2 when comparing the five different sequences 436 

individually for the first time a slight but incontrovertible increase in the kd for almost every 437 

sequence becomes visible (Figure 9). This implements that the value independently 438 

increases from the concentration series and presumably is dependent on the life time of the 439 

chip and on the density and age of the bound antibody, respectively. 440 

4. Conclusions: 441 

A comprehensive list of performance parameters for kinetic analysis on a Biacore X100 442 

instrument has been provided using a well established method. The antigen-antibody system 443 

used was confirmed to be very useful for long term measurements because of its robust 444 

storage and handling behavior and good availability. In particular its kinetic values are easily 445 

accessible and well within the typical measurement range.  446 

As main parameters Rmax, ka and kd as well as the chi2 (or alternatively the sum of the 447 

absolute values of the residuals) have been identified. Furthermore the influence of RI and kt 448 
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has been discussed. For optimal performance the sensor surface, the dilution series and the 449 

training of personnel deserve particular attention. Surface regeneration plays a crucial role. 450 

Surface materials of two manufacturers have been investigated in this study, and 451 

considerable differences have been found. Significant aging effects have been observed for 452 

both chip materials. The Rmax is particularly suited to trace these. Interestingly the life time of 453 

a chip is more dependent on the time it is actually used and stored than on the number of 454 

regeneration cycles. However, the Rmax can go down to half of its initial value without having 455 

negative effects on the kinetic rate constants. There are several pitfalls organizing dilution 456 

series; a good practice is the individual one step dilution of each concentration as described 457 

in the experimental part (section 2.3.). Standard operational procedures and periodic 458 

maintenance of the instrument are important for personnel training. When comparing SCK 459 

and MCK measurements, both showed up with comparable advantages and disadvantages 460 

for a future performance qualification method. For example SCK was a more time saving 461 

experimental setup (with SCK one result was obtained in 3 hours, with MCK in 4 hours) but 462 

the MCK setup did not exhibit as many outliners as SCK.  463 

Visually displaying or plotting data is a prerequisite for correct interpretation [35] of every set 464 

of data but in particular for performance qualification. This work pinpoints that most effects 465 

firstly become obvious with visually comparing all data against each other. Every handling 466 

error or slight variation becomes manifest in the control charts [36–38]. 467 

This work provides reference data to compare with own measurements. Furthermore, this 468 

concept of the evaluation on SPR instruments can be generalized. This is an important first 469 

step towards a thorough SPR performance qualification. A corresponding concept will be 470 

outlined in a follow-up work [39]. An RSD% of 3-6% for KD can be achieved for long 471 

measurement series (n ≥ 60). 472 
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Table of Figures: 594 

Figure 1: Left: Example for a SCK measurement sensorgram depicting the poor baseline 595 

return after only one regeneration. This incomplete return was improved by a start-up cycle in 596 

the next measurement. This start-up cycle cleans the surface almost completely and is not 597 

part of the analytical evaluation in the kinetic measurement. Measurements were performed 598 

as described in “SCK methods“. Right: Typical MCK measurement sensorgram with poor 599 

baseline return after the first regeneration step. Measurements performed as described in 600 

“MCK measurements”.  601 

Figure 2: Decrease of the analyte binding capacity (Rmax) over time. SCK1: Three 602 

measurements a day, one regeneration step after every cycle, only short term storage in 603 

buffer for maintenance procedures. SCK2: Three measurements a day, three times stored in 604 

buffer at 4 °C (after run 9 for 3 days, after run 35 for 4 weeks, after run 64 for 3 ½ weeks). 605 

MCK1: Two measurements a day, two regeneration steps after every cycle, twice stored in 606 

buffer at 4 °C (for 3 days each after run 32 and 40). MCK2: Three measurements a day, two 607 

regeneration steps after every cycle, five varying sequences of the injected concentrations, 608 

three times stored in buffer at 4 °C (for 3 weeks after run 6, for 10 days each after run 29 and 609 

42). SCK Xantec 1: Three measurements a day, one regeneration step, once stored in 610 

buffer at 4 °C (for 2 days after run 50). SCK Xantec 2: Three measurements a day, two 611 

regeneration steps. 612 

Figure 3: Control chart of the association rate constant of the SCK1 (Biacore sensor chip) 613 

measurement, relating events to the measured values. Green arrow: exchange of buffer 614 

Figure 4: Control chart of the association rate constant of the SCK Xantec 1 measurement 615 

with a chip from the manufacturer Xantec. 616 

Figure 5: A: Association rate constants of all long term measurements; B: Dissociation rate 617 

constants of all long term measurements; (Legend: cf. Figure 2) 618 

Figure 6: SCK Xantec 1 A: Association rate constant with standard error (SE); B: 619 

Dissociation rate constant with SE; For closer examination of the small SE both are shown 620 

with magnified insert with comparable scale of three data points each. 621 

Figure 7: A: Overview of all dissociation constants for each kinetic test series. The mean 622 

values as well as the standard deviations differ from series to series. B: Dissociation constant 623 

represented by the KD plot. Dissociation rate constants are plotted against their 624 

corresponding association rate constants on logarithmic scale. For each chip the first 60 runs 625 

are displayed except for SCK Xantec 2 with only 31 runs. Two reference lines for the KD 626 

values 1x10-9 and 2x10-9
 M are given also to show the coherence of all measured values. 627 

Figure 8: Illustration of the strong correlation of chi2 and the sum of the absolute values of 628 

residuals on the basis of SCK 1. chi2 as some sort of variance and the sum of the absolute 629 

values of the residuals are directly comparable. 630 

Figure 9: Dissociation rate constant depicted over number of runs in MCK2, ordered by 631 

sequence (not by actual run order). The main effect is due to the usage time (aging of the 632 

sensor surface) and not to the chosen sequence. 633 
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