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Surface plasmon resonance (SPR) is an optical technique that measures biomolecular 
interactions. Stand-alone SPR cannot distinguish different binding components present in 
one sample. Moreover, sample matrix components may show non-specific binding to the 
sensor surface, leading to detection interferences. This study describes the development 
of coupled size-exclusion chromatography (SEC)-SPR sensing for the separation of sample 
components prior to their on-line bio-interaction analysis. A heterogeneous polyclonal human 
serum albumin antibody (anti-HSA) sample, which was characterized by proteomics analysis, 
was used as test sample. The proposed SEC-SPR coupling was optimized by studying system 
parameters, such as injection volume, flow rate and sample concentration, using immobilized 
HSA on the sensor chip. Automated switch valves were used for on-line regeneration of 
the SPR sensor chip in between injections and for potential chromatographic heart-cutting 
experiments, allowing SPR detection of individual components. The performance of the 
SEC-SPR system was evaluated by the analysis of papain-digested anti-HSA sampled at 
different incubation time points. The new on-line SEC-SPR methodology allows specific label-
free analysis of real-time interactions of eluting antibody sample constituents towards their 
antigenic target.

1. Introduction
 During the last decades, surface plasmon resonance spectroscopy (SPR) has emerged as 
a fast and sensitive optical technique to study biomolecular affinity interactions1 and their 
kinetics.2 Most SPR instruments use Kretschmann based configurations3 comprising an optical 
part with a prism, a metal layer, and a liquid handling part. When p-polarized light is shone 
through the prism on an electrically conducting metal layer (e.g. gold) in a certain angle, light 
is absorbed by the free electrons in the metal layer, causing them to resonate in so-called 
surface plasmons.4 The angle where the intensity of the reflected light is minimal5, known 
as the SPR dip-angle, is sensitive to changes in the dielectric of the metal and surrounding 
medium, and thus can be used to detect binding of compounds to the metal film surface.6 
Variations in the SPR dip-angle6 are monitored as a function of time yielding a so-called 
sensorgram.7 Commonly, a ligand is immobilized on the metal surface and then the potential 
interaction of specific sample components with the immobilized ligand is monitored by SPR 
by flushing the sample through a flow channel positioned on the metal sensor. 



2. Materials and Methods
2.1. Chemicals and reagents
Human serum albumin (HSA), anti-human albumin antibody produced in rabbit, phosphate 
buffered saline (PBS), papain from papaya latex, 2-(N-morpholino) ethanesulfonic (MES) 
monohydrate, ethanolamine hydrochloride, L-cysteine, N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), Tris(hydroxymethyl)
aminomethane hydrochloride (Tris-HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), 
iodoacetamide (IAM) and ammonium bicarbonate were purchased from Sigma-Aldrich 
(Steinheim, Germany). Sodium azide (toxic, should be discarded in hazardous waste) and 
sodium sulfate were obtained from Mallinckrodt Baker B.V. (Deventer, the Netherlands). 
Ethylenediaminetetraacetic acid (EDTA) disodium salt was purchased from Acros Organics 

During direct analysis of biological samples by SPR, interfering components of the sample 
matrix may non-specifically bind to the sensor surface.8 Moreover, SPR is not able to 
discriminate different ligand-binding components present in one sample. Combining a liquid 
chromatographic (LC) separation with SPR is one way to circumvent the aforementioned 
drawbacks, allowing assessment of the affinity of individual components with the immobilized 
ligand. Until now, only a few studies on on-line LC-SPR have been reported.9-12 In one of 
the first works, SPR was used as a refractive index detector after LC separation, but no real 
binding events were monitored.9 In another work, oligosaccharides were separated with a gel 
permeation column and their affinities towards lectins were monitored with SPR both off- and 
on-line.10 A similar approach has been applied for assessment of the interaction between 
carbohydrates and an immobilized monoclonal oligosaccharide antibody.11 However, a 
relatively low SPR signal was obtained due to the low molecular weight of the carbohydrates 
and sample dispersion. Carbohydrate detection was actually established largely via refractive 
index changes in solution and not via actual binding events. A more recent study reported 
monitoring of electrostatic adsorption of proteins on chemically modified SPR surfaces after 
size-exclusion chromatography (SEC).12 So far, LC-SPR has been confined to either weak 
affinity9-11 or non-specific interactions.12 Our goal was to make a significant step forward by 
developing an LC-SPR method for probing specific protein interactions with high affinity. As 
a model system, we used binding of a polyclonal anti-human serum albumin antibody (anti-
HSA) with HSA. Initial analysis of the anti-HSA sample confirmed the presence of several other 
proteins in the sample, enabling evaluation of the specificity and selectivity of the developed 
approach. SEC was used for separation since it allows elution of compounds under near-
physiological isocratic conditions. This ensures adequate binding conditions throughout the 
entire run when the compounds reach the SPR sensor surface where HSA is immobilized. 
The effect of several chromatographic parameters on the separation of the components as 
well as their binding to the SPR surface was systematically studied. In order to avoid surface 
saturation, a number of switch valves were included in the system to allow on-line regeneration 
of the sensor surface in between injections as well as heart-cutting prior to SPR detection. 
Papain-digested13 fragments from the antibody preparation were also used as an example of 
a complex mixture, demonstrating further applicability and selectivity of the SEC-SPR system. 
The papain-digested anti-HSA preparations were sampled at different incubation time points 
and directly analyzed by the SEC-SPR system. This manuscript presents the development of 
on-line SEC-SPR as a powerful technique to study the binding characteristics of the individual 
fragments present in complex mixtures.
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(New Jersey, USA). µ-mercaptoethanol was obtained from Merck (Darmstadt, Germany). 
Acetonitrile (LC-MS grade) and formic acid (ULC–MS grade) were purchased from Biosolve 
B.V. (Valkenswaard, The Netherlands). Sequencing-grade trypsin, modified, was purchased 
from Roche (Mannheim, Germany). Deionized water was produced by a Milli-Q purification 
system from Millipore (Amsterdam, The Netherlands).

2.2. Separation of polyclonal anti-HSA samples by SEC with UV detection
Separation of the antibody preparations was carried out on a Shimadzu LC system equipped 
with an LC-20AB binary system pump, a UV detector SPD-20A and an autosampler SIL-20AC 
(‘s Hertogenbosch, The Netherlands). The TSK gel super SW2000 and SW3000 (4.6 × 300 
mm) SEC columns were from TOSOH Bioscience (Griesheim, Germany). Separations were 
done in an isocratic mode using 0.01 M phosphate buffer (pH 7.4) with 2.7 mM potassium 
chloride, 0.137 M sodium chloride and 0.05% sodium azide as mobile phase at a flow rate of 
0.15 mL/min with SW3000 and 0.1 mL/min with SW2000. Samples were prepared in mobile 
phase and kept in the cooled autosampler at 10°C before injection; 20 µL of each sample was 
injected. Elution was monitored using UV absorption at 280 nm. For characterization of the 
eluting fractions by intact protein analysis (see Section 2.4.1) and by proteomics after tryptic 
digestion (see Section 2.4.2), separated fractions were collected manually and subsequently 
freeze-dried with a Speed-Vac freeze dryer from Labconco (Abcoude, The Netherlands).

2.3. Sample digestion preparations
2.3.1. Papain digestion of polyclonal anti-HSA
2.3.1.1. Time series analysis
Papain digestion of polyclonal HSA antibody (200 µg/mL) to produce Fab and Fc fragments 
was performed in digestion buffer containing 0.1 mM Tris-HCl, 2 mM EDTA, and 10 mM 
cysteine (pH 7.2). Papain was first activated in the digestion buffer at 37°C for 10 min. The 
polyclonal HSA antibody was added to the papain digestion buffer with a final papain: 
antibody ratio of 1.25 (w/w). The solution was then incubated at 37°C for 5 min, 30 min, 1 
h and 2 h for papain digestion and directly injected on the SEC column. Digested antibody 
preparations were analyzed with a SW3000 column which is suitable for antibodies, their 
fragments, and other large biomolecules. The analysis was done at a flow rate of 150 µL/min 
with a 20 µL injection volume (Section 2.6).
2.3.1.2. Heart-cutting of Fab fraction
100–1000 µg/mL antibody samples were incubated for 2 h under digestion conditions and 
were analyzed with SW3000 column. Using an external switch valve and a pump, only the Fab 
fraction was directed to the surface of SPR (Section 2.6).
2.3.1.3. Protein characterization
 200 µg/mL antibody samples were incubated for 2 h under digestion conditions (see section 
2.3.2). Afterward, 20 µg/mL (100 µL total volume) of polyclonal HSA antibody samples and 
papain digested antibody samples were freeze-dried overnight with a Speed-Vac freeze dryer 
and subsequently re-dissolved in ACN/H2O (50/50 (v/v), 100 µL) for MS analysis (Section 
2.4.1).
2.3.2. Tryptic digestion of antibody fractions 
Collected and freeze-dried antibody fractions, as described in Section 2.2, were re-dissolved 
in 100 µL of Milli-Q water. To remove salts from these samples, they were transferred to 3 
kDa spin filters (Millipore Corporation, Billerica, Massachusetts, USA) and centrifuged for 
approximately 60 min at 14,000 rpm, until more than 90% of the solution passed through 
the filter. Proteins in the concentrate were then re-dissolved with 100 µL Milli-Q water and 
transferred to Eppendorf tubes. These samples were again freeze-dried and re-dissolved 
in 25 µL of 25 mM ammonium bicarbonate (pH 8.2). After addition of 1.5 µL 0.5% (v/v) 
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mercaptoethanol, the solutions were incubated at 90°C for 5 min followed by cooling to 
room temperature. Then, 3 µL of 100 mM IAM was added to the solutions, and the mixtures 
were incubated in the dark at room temperature for 20 min. After alkylation, the samples 
were incubated with 1 µL 0.1 µg/ µL trypsin at 37°C for 3 h, and after adding an additional 1 
µL 0.1 µg/ µL trypsin, the samples were incubated at 30°C overnight. After tryptic digestion, 
trypsin was deactivated with formic acid using a final volume of 1% (v/v) compared to the 
total volume. Then, the samples were analyzed by nanoLC–MS (Section 2.4.2).

2.4. MS analysis
2.4.1. Analysis of undigested and papain-digested samples 
Intact protein mass determinations were performed using a Thermo Finnigan LC system 
(Thermo Finnigan, San Jose, CA, USA) coupled to a Bruker micrOTOF-QII mass spectrometer 
(Bremen, Germany) equipped with an electrospray ionization (ESI) source. A C4 column (1 × 
25 mm, 5 µm; Thermo Scientific, Sunnyvale, CA, USA) was used for separation at a flow rate 
of 200 µL/min and 1 µL injection volume. The elution was started at 95% of aqueous solvent 
(0.1% formic acid in water) for 1 min and followed by gradient elution with a linear increase 
in organic solvent (0.1% formic acid in acetonitrile) up to 95% in 8 min. Elution was then kept 
at this ratio for 2 min. After each run, 80% organic solvent was applied to remove potential 
carryover effects in two steps. Subsequently, the system was equilibrated for 2 min using 
the initial conditions. From 2 to 14 min, the LC flow was directed to the MS source using 
a switch valve present on the mass spectrometer. The rest of the gradient was directed to 
waste to prevent source contamination. MS analysis was done in positive ionization mode 
using the following settings: ESI voltage, 4.5 kV; dry gas temperature, 190°C; dry gas flow 
rate, 8 L/min; nebulizer pressure, 1.6 bar; in-source collision-induced dissociation energy, 120 
eV; ion energy, 5 eV; collision cell energy, 5 eV. Data were analyzed using Bruker Daltonics 
DataAnalysis software. Protein ion charge assignment and molecular mass determinations 
were performed using the “Charge Deconvolution” utility of the DataAnalysis software.
2.4.2. NanoLC–MS analysis of tryptic digests of antibody fractions
NanoRPLC-ESI-QTOF-MS/MS analysis was performed on an Ultimate 3000 nanoUPLC 
system (Dionex/Thermo Scientific, Breda, The Netherlands) coupled to a micrOTOF-Q mass 
spectrometer (BrukerDaltonics, Bremen, Germany) equipped with a nanoelectrospray ion 
source (Agilent Technologies, Santa Clara, CA, USA). The MS instrument was calibrated with 
ESI-L-low concentration tune mix (Agilent Technologies, Santa Clara, CA, USA). Samples 
were loaded onto a C18 µ-pre-column (C18 PepMap 100, 300 µm × 5 mm, 5 µm, 100 Å, 
Dionex/Thermo Scientific) with 15 µL/min of loading solvent (98% water/2% ACN/0.1% TFA) 
for 3 min. The peptides were then separated on a C18 analytical column (Acclaim PepMap 
RSLC,75 µm × 15 cm, 2 µm, 100 Å, Dionex/Thermo Scientific). Elution was performed at a 
flow rate of 0.3 µL/min with solvent A: water containing 0.1% FA (v/v), and solvent B: 80% 
acetonitrile/20% water containing 0.1% FA (v/v). A linear gradient of 5-70% solvent B in 42.5 
min was applied followed by column washing and reconditioning. MS analysis was performed 
in positive ion mode with the following operation settings: 2.5 KV capillary voltage, 1.5 L/min 
dry gas flow and 150°C dry gas temperature. The mass range was m/z 50-2000. Ion optics 
were optimized for the peptide standard Angiotensin II. MS/MS was applied on the three 
most abundant ions in the recorded full mass spectra using 25 eV collision energy. MS/MS 
data were searched using MASCOT (version 2.4.3.3, Matrix Science, London, UK) against the 
Swiss-Prot 2014 database. MASCOT parameters were set as follows: missed cleavages: 2, 
enzyme: Trypsin, Fixed modification: Carbamidomethyl (Cysteine), no variable modification, 
taxonomy: all entries, MS/MS fragment tolerance and peptide tolerance were set at ±0.2 
and 0.1 Da, respectively. Using the above-mentioned parameters, only proteins detected by 
two or more peptides with a score of at least 40 (significance threshold (p) below 0.05), were 
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reported in this analysis.

2.5. SPR analysis
2.5.1. SPR sensor chip ligand immobilization
SPR analysis was performed with a multi-parametric SPR Navi210 from BioNavis Ltd. 
(Tampere, Finland) using the 670 nm laser in angular scan mode. The liquid flow was set to 
30 µL/min at 20°C for the conventional SPR measurements. For immobilization of HSA, the 
commercially available carboxymethyl dextran (CMD) hydrogel gold sensor chip (BioNavis 
Ltd.) was equilibrated with 5 mM MES (pH 5) as running buffer for approximately 10 min. 
Once a stable baseline was established, the surface was cleaned with a solution containing 2 
M NaCl and 10 mM NaOH for 7 min. The surface was then activated with a (1:1 v/v) solution 
containing 0.4 M EDC and 0.1 M NHS for 7 min in both channels, followed by a 7 min 
injection of 1 mg/mL HSA in the sample channel while running buffer was directed to the 
reference channel. Last, all non-reacted active esters in both channels were deactivated with 
1 M ethanolamine hydrochloride at pH 8 for 7 min followed by two times 1 min regeneration 
buffer (50 mM NaOH) and 1 min buffer flow to the surface in between the two regeneration 
steps (supporting information Figure S1 shows a typical sensorgram of an immobilization).
2.5.2. Stand-alone SPR analysis
The 0.01 M phosphate buffer with 2.7 mM potassium chloride, 0.137 M sodium chloride and 
0.05% sodium azide (pH 7.4) was used as a running buffer for the analysis. The interaction 
between immobilized HSA with 0.1–100 µg/mL HSA antibody diluted in the running buffer 
was studied using the same setup as used for the immobilization. After obtaining a stable 
baseline, different concentrations of the antibody were injected for 4 min or for 30 min using 
250 and 1000 µL loop sizes, respectively, at a flow rate of 30 µL/min. 50 mM NaOH was used as 
a regeneration buffer in between injections. The peak minimum angle shifts were monitored 
over time and plotted in sensorgrams. The reference channel signal was subtracted from the 
sample channel signal to correct for non-specific surface binding.

2.6. On-line SEC-SPR setup
The SEC-SPR analysis was done in angular scan mode at 20°C using the two-flow channel 
flow cell (sample and reference channel) in which the flow was directed from the sample 
channel to the reference channel in serial mode by connecting the outlet of the sample 
channel to the inlet of reference channel with 10 cm of 250 µm ID blue PEEK tubing (IDEX 
Health and Science, Mondfeld, Germany). The connection of SEC to SPR was straightforward. 
After SEC-UV, the outlet tubing from the UV detector was connected to the inlet of the 
sample channel, with two switch valves (Spark Holland, Emmen, the Netherlands) in between 
for sensor chip regeneration and optional heart-cutting experiments, respectively. For this 
connection, low dead volume tubing (250 µm ID blue PEEK tubing; IDEX Health and Science) 
was used. The setup is schematically represented in Figure 1. The SEC system was evaluated 
and optimized for several chromatographic parameters, such as flow rate and injection 
volume. Next, optimized conditions (Section 3.2) were used with the on-line SEC-SPR setup 
for analysis of intact poly-clonal HSA antibody preparations and papain-digested samples at 
different digestion times.



Switch valve 1 was automated to switch in between injections to the flow of pump 2. Pump 
2 (Knauer pump K-500, Berlin, Germany) was pumping regeneration buffer at the same flow 
rate as the LC pump. Switch valve 2 was used together with pump 3 (Knauer pump K-500, 
Berlin, Germany), also operated at the same flow rate as the LC pump flow when used, in 
order to keep a constant flow of the mobile phase when performing optional heart-cutting 
of one eluting peak or fraction of interest. The switch valves were controlled by in-house 
developed software (Ariadne). Total binding sensor chromatograms of the antibody samples 
were plotted as SPR sensorgrams by subtracting the sample channel-binding rate from the 
reference channel in time.

3. Results and discussion
3.1. Sample characterization
Real-life samples often are mixtures potentially containing several binding compounds. The 
proposed SEC-SPR system should allow separation of mixture components prior to their 
individual interaction assessment with an immobilized ligand on the SPR sensor chip. In order 
to test and optimize the analytical system, a heterogeneous polyclonal antibody preparation 
was selected. The crude sample was characterized in more detail using reversed-phase LC-
mass spectrometry (RPLC–MS) yielding three peaks (see supporting information Figure S2 
and Table S1). The compound with a molecular weight of 146 kDa confirms the presence of 
the antibody, whereas the proteins with molecular weights of 77 and 66 kDa were tentatively 
assigned to transferrin and albumin, respectively. For further characterization, the antibody 
sample was fractionated by SEC (see supporting information, Figure S3A). The fractions 
containing proteins were digested by trypsin, and the resulting peptides were analyzed by 
nano-LC-MS/MS. Using Mascot database searching, the presence of anti-HSA, rabbit serum 
albumin and rabbit transferrin could be confirmed. To conclude, the sample contained at 
least three protein species of which two in principle should not show affinity towards the HSA 
on the SPR surface, enabling evaluation of the specificity and selectivity of the proposed 
approach. Ch
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Figure 1. On-line SEC-SPR setup. The post-column switch valve 1 and pump 2 are used 
for regeneration of the SPR sensor surface in between runs. Switch valve 2 
and pump 3 are optionally used to keep a continuous flow of SPR buffer when 
performing heart-cutting experiments.



3.2. SEC-SPR system
The SEC-SPR setup is schematically represented in Figure 1. An aqueous near-physiological 
buffer was used as mobile phase to ensure that the analytes, as well as the immobilized 
ligand, remain in their native state needed for optimal affinity assessment. Isocratic elution 
was applied to avoid SPR interferences due to refractive index changes caused by the eluent. 
The LC effluent was directed to the SPR flow cell inlet using low-dead-volume tubing and 
switch valves. After obtaining a stable baseline in the SPR sensorgram, polyclonal anti-HSA 
was injected and the interaction of the eluting components with the immobilized HSA was 
monitored. In the UV chromatogram, a cluster of peaks was observed between 18 and 28 
min (Figure 2A). MS data (Section 3.1) showed that the main peak at 25 min represents the 
antibody. In the SPR sensorgram (Figure 2B), a steep increase was observed at approximately 
25 min, correlating well with the elution of the antibody peak and clearly indicating the 
interaction between the antibody and the immobilized ligand HSA. After complete elution 
of the antibody, the sensorgram remained elevated indicating that the binding affinity of the 
antibody to the HSA was high (i.e. low dissociation). Notably, in the UV trace there is clearly 
a shoulder in front of the main antibody peak. Comparison of the SPR sensorgram with the 
UV chromatogram is facilitated by taking the first derivative of the sensorgram (Figure 2C). 
Peaks that are present in both the first derivative trace and the UV chromatogram can be 
assigned as binding components, whereas those that only appear in the UV trace should be 
considered non-binding. The minor peaks at earlier retention times (19 and 23 min) represent 
compounds of higher molecular weights than the antibody itself, most probably the antibody 
that has bound one or two rabbit-serum albumin molecules. The compound eluting at 23 
min showed a minor interaction with the ligand HSA, whereas the component eluting at 
ca. 19 min had no interaction with the HSA. MS data (Section 3.1) revealed that these two 
peaks contained both antibody and rabbit albumin. We hypothesize that the peak at 23 min 
represents antibody with one rabbit albumin molecule bound, showing a minor interaction 
with the sensor surface. The peak at 19 min would represent antibody with two rabbit albumin 
molecules bound, explaining why it does not show interaction with the sensor surface. As the 
anti-HSA/HSA interaction is strong, the SPR sensor surface will quickly be saturated upon 
repeated injections or injection of high antibody concentrations. Therefore, regeneration of 
the SPR surface between analysis is crucial to ensure reliable and long term affinity detection 
using the same sensor. In order to facilitate surface regeneration, switch valve 1 (Figure 1) 
was incorporated to automatically flush the sensor surface with 50 mM NaOH. This rinse 
completely removed both the bound and adsorbed material as indicated by the return of 
the SPR signal to its original level (supporting information Figure S4). Regeneration did not 
deteriorate the sensor surface as similar binding profiles were observed upon repeated 
analysis (a triplicate injection and regeneration process is shown in supporting information 
Figure S4). It was found that a prepared sensor chip could be used up to a week after initial 
immobilization of HSA showing a decrease in total binding of less than 20%. 
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Figure 2. SEC-UV-SPR of polyclonal anti-HSA (200 µg/mL). (A) UV chromatogram; (B) 
SPR sensorgram; (C) First derivative of the SPR sensorgram. The dotted lines 
indicate the retention time of each peak observed with UV detection. For 
experimental conditions, see Section 2.
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Figure 3. 

In order to further validate the results obtained with the optimized SEC-SPR method, a 
comparison with stand-alone SPR (i.e. direct sample introduction without SEC column) was 
made using the same sensor chip. On both systems, increasing concentrations of antibody 
sample were injected (Figure 3A and B), always with a regeneration step between each 
injection. Since in the conventional SPR setup continuous infusion occurs via a large volume 
injection loop and in SEC-SPR a small volume is injected followed by chromatographic 
dilution, different concentrations were infused/injected in both systems to ensure similar 
amounts of antibody to be introduced in time. The total signal after exposure of the antibody 
to the surface was similar in both setups, indicating proper binding under SEC conditions. A 
clear difference is observed in the shape of the binding curves in the sensorgrams obtained 
with SEC-SPR compared to stand-alone SPR. This difference can be explained by the shape 
of the passing concentration profile. In stand-alone SPR, the antibody solution will arrive as 
a (nearly) square-formed plug (Figure 3C) and the sensor is almost instantaneously exposed 
to the bulk concentration of antibody causing a sharp rise of the SPR signal. In SEC-SPR, the 
antibody solution that reaches the SPR sensor has a near-Gaussian concentration profile with 
lowest concentrations at the start and end of a peak, and the highest concentration in the 
middle of a peak (Figure 3D). As a result, the binding profile has a much shallower slope at 
the start and the end of the passing antibody plug or peak.

Sensorgrams of different concentrations of anti-HSA obtained during (A) stand-
alone SPR and (B) SEC-SPR. The injection volume was (A) 120 µL and (B) 20 µL. 
SEC-SPR separations were performed at a flow rate of 100 µL/min. For further 
experimental conditions, see Section 2. Injection profile of (C) SPR-square 
shape and (D) SEC-laminar shape.
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3.3. Evaluation of SEC-SPR parameters 
The effect of some chromatographic parameters on the protein separation as well as binding 
to the SPR surface was studied. The SEC flow rate was varied between 50 and 200 µL/min 
in increments of 50 µL/min. SEC-UV-SPR chromatograms (Figure 4) of the antibody sample 
showed that the binding of the antibody with the immobilized protein on the surface is 
influenced by changes in the flow rate as a result of mass transfer limitations. In theory, in SPR 
analysis, the mass transfer rate constant changes with the cube root of the flow velocity14-16 
and thus is less affected at higher flow rates. Under the applied experimental conditions, the 
overall highest binding interaction was obtained at a flow rate of 50 µL/min. The SPR signal 
at the highest flow rate (i.e. 200 µL/min) is about 60% of the signal at 50 µL/min. However, 
low flow rates evidently increase analysis time. As a compromise to obtain a relatively fast and 
efficient chromatographic separation while achieving significant binding, a flow rate of 100 
µL/min was selected when using the TSK gel SW2000 column (for optimization and analysis 
of untreated antibody samples), and 150 µL/min when using the TSK gel SW3000 column (for 
analysis of papain digested antibody samples). 

The influence of the sample injection volume (5–100 µL) was studied by SEC-(UV)-SPR 
analysis of the anti-HSA sample. Even for the largest tested injection volume (100 µL), no 
significant extra band broadening was observed in the UV chromatogram (Figure 5A). The SPR 
signal increased upon larger sample volumes injected (Figure 5B) and showed a non-linear 
dependency, as can be expected for antibody-antigen binding experiments. The increase in 
the SPR signal is limited by the overall number and availability of antibody binding sites on the 
SPR sensor chip. A further evaluation of the effect of injection volume on binding saturation 
was done with stand-alone SPR and showed that infusion injection of 100 µg/mL antibody for 
up to 30 min did not saturate the sensor chip surface. For further SEC-SPR analysis, an injection 
volume of 20 µL was used, but if needed (e.g. for detection of low antibody concentrations) 
larger injection volumes can be chosen without compromising the SEC separation. In order 
to show the differences in SPR response, the measured affinity of the intact antibody to 
the immobilized ligand on the surface of sensor chip was plotted as SPR response versus 

Figure 4. SEC-UV-SPR of polyclonal anti-HSA (1 mg/mL) using different mobile phase 
flow rates. (A) UV chromatograms (gray traces) and corresponding SEC-SPR 
sensorgrams (colored traces). (B) First derivatives of the SPR sensorgrams. Flow 
rates are as indicated in the figure insert. For further experimental conditions, 
see Section 2.



different concentrations for both standalone SPR and optimized SEC-SPR (see supporting 
information Figure S5A and B). For SEC-SPR the relative amount of eluting analyte bound on 
the surface of the SPR chip can be deduced from the LC-UV data. Next, binding kinetics of 
the intact antibody from the standalone SPR experiments were calculated. For SEC-SPR, the 
binding kinetics were estimated regardless of the diffusion coefficient and Taylor dispersion. 
Supporting information Table S2 shows the association rate constant (ka), the dissociation 
rate constant (kd) and the equilibrium dissociation constant (KD) for standalone SPR and for 
SEC-SPR analysis of the intact antibody. These estimated values showed a lower ka for SEC-
SPR compared to stand-alone SPR, which can be explained by the chromatographic dilution 
after injection. The lower kd is caused by remaining eluting antibody molecules from the tail 
of the peak. The KD value, ka/kd ratio, for the SEC-SPR experiments showed an approximately 
9 times lower value, which is later referred to as dilution factor.
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Figure 5. SEC-UV-SPR of polyclonal anti-HSA (200 µg/mL) using different sample injection 
volumes. (A) UV chromatograms; (B) SEC-SPR sensorgrams. Separations were 
performed at a flow rate of 100 µL/min. For further experimental conditions, 
see Section 2.
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3.4. SEC-SPR of papain digested antibody preparations
In order to evaluate the suitability of the SEC-SPR method to probe binding of multiple 
components in a mixture, the anti-HSA sample was digested with papain to form antibody 
fragments (i.e., Fab and Fc fragments). During digestion, samples were taken from the reaction 
mixture at 5, 60 and 120 min after the start of the digestion and directly analyzed using 
the SEC-SPR system (Figure 6). Upon digestion, the antibody signal (eluting around 21 min) 
and peaks of the higher-molecular-weight compounds (eluting before 21 min) decreased. 
In addition, a new peak appeared around 25 min that showed binding in the SPR signal. 
Based on retention time and MS analysis (see supporting information Figures S2 and S3B) 
performed on this fraction in a similar manner as done for the intact antibody sample (Section 
2.4), this peak most likely represents the Fab fragment formed upon papain digestion. The 
peaks appearing after 30 min result from bulk effects and/or low-affinity non-specific binding 
from papain and salts from the digestion buffer, as was confirmed by injection of the digestion 
materials without the antibody. 

Figure 6. SEC-SPR of anti-HSA and digested anti-HSA by papain after 5, 60, and 120 
min incubation. (A) UV chromatograms; (B) SEC-SPR sensorgrams. SEC-SPR 
separations were performed on a Tosoh SW3000 column at a flow rate of 150 
µL/min. For further experimental conditions, see Section 2.
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After 120 min of incubation, the peak at 25 min did not further increase, whereas the antibody 
peak at 21 min completely disappeared (data not shown). An additional compound around 
22 min, which did not show any appreciable interaction with the sensor surface, became 
clearly visible upon longer digestion times. Most probably, this peak represents rabbit 
albumin and transferrin (as indicated by MS experiments; see supporting information Figure 
S3), which were initially masked by the intact antibody signal. To summarize, from the SPR 
sensorgrams, it is clear that before papain incubation the major contribution to the total 
affinity profile is due to the antibody. Upon incubation, the affinity contribution of the intact 
antibody decreases (Figure 6B) and at the same time the affinity contribution of the antibody 
fragment, most probably the Fab fragment, around 25 min, increases. 
Specific binding analysis of a single eluting compound can be done by heart-cutting of 
the peak of interest. In this way potential SPR sensor chip saturation by early eluting high 

Figure 7. Heart-cutting SEC-SPR of anti-HSA (100–1000 µg/ µL) treated with papain for 
120 min. (A) UV chromatograms; (B) SPR sensorgrams of peak eluting at 25 min. 
SEC separations were performed on a Tosoh SW3000 column at a flow rate of 
150 µL/min. 



4. conclusion
In this study, a SEC-SPR methodology was developed which allows monitoring of the 
interaction of individual sample components with immobilized antigen on the SPR sensor 
chip after SEC separation. The inclusion of a switch valve after SEC separation enabled on-
line regeneration of the SPR surface in between injections. Digested antibody preparations, 
for which SEC-UV data were recorded, could be compared with sensorgrams obtained by 
SEC-SPR. Upon digestion, decreasing intact antibody concentrations as shown in the UV 
traces were accompanied by decreasing SPR signals of the antibody. At the same time, later-
eluting peaks appeared in the UV trace accompanied by affinity binding observed in SPR, 
representing binding antibody fragments. By heart-cutting via an additional switch valve, 
eluting compounds of interest could be selected for SEC-SPR analysis. This approach was 
assessed when an eluting compound needs to be analyzed with high sensitivity by SPR in 
presence of early eluting high-affinity binders in high concentrations. Looking to its potential, 
the developed SEC-SPR methodology could be very useful for the characterization of a variety 
of therapeutic proteins. These products might contain aggregates or fragments of which 
the binding capacity needs to be determined after purity assessment of the sample. The 
proposed SEC-SPR method will allow this in a single analysis. The separation of SEC is limited 
to compound mixtures with relatively large molecular-weight differences and does not allow 
separation of, for example, protein charge variants. However, in most therapeutic proteins 
modifications like deamidation, glycosylation, and lysine variants can be expected. In this 
respect, the hyphenation of ion-exchange chromatography (which is used to resolve charge 
variants of proteins) with SPR seems an attractive combination which definitely would add to 
the biopharmaceutical analysis toolbox. Currently, we are investigating and developing these 
methodologies. 
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concentration and/or high-affinity binders is prevented. For heart-cutting, an additional 
switch valve (component 2 in Figure 1) was included in the analytical set-up in combination 
with a pump (pump 3 in Figure 1) to keep the mobile phase flowing over the sensor chip 
surface while eluting compounds are directed to waste. Heart-cutting was demonstrated 
with the peak around 25 min (the anticipated Fab fragment) for different concentrations of 
papain digested antibody (2 h digestion) injected. Results (Figure 7) show that the 25 min 
fraction selected by heart-cutting is interacting with the immobilized HSA with a high binding 
affinity as also deduced from the low dissociation rate after peak elution onto the sensor chip 
surface. The concentration of the Fab fragment was calculated from the calibration curve 
of the non-digested antibody using the chromatographic UV data under the assumption 
that the molar extinction coefficient of the fragment is similar to that of the intact antibody. 
The antibody fragment concentration versus the measured SPR affinity signal can be seen 
in supporting information Figure S5. For kinetics analysis, the degree of dilution estimated 
for SEC-SPR with respect to stand-alone SPR was used to calculate the KD for the papain 
digested antibody Fab fragment under the assumption that the molar extinction coefficient 
of the fragments is similar to that of the actual antibody. From these calculations, the KD value 
of the Fab fragment was estimated to be 2.0 nM.
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