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"An automobile has about 10,000 moving parts, right? An airplane has two million, and 

it has to stay up in the air."  

Alan Mulally, 2007. 

Mr. Mulally was answering a question of a Ford manager after being introduced as the 

new CEO of the Ford Motor Company in 2007: "How are you going to tackle something 

as complex and unfamiliar as the auto business when we are in such tough financial 

shape?". Mr. Mulally went on to restructure Ford and now the company is making record 

profits. 
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1 INTRODUCTION 
Surface plasmon resonance imaging (SPRi) cytometry is an up and coming technique for 

the analysis of cells. Flow cytometry and microscopy have been established as the gold 

standard for cell analysis over the past few decades, new techniques (such as SPRi 

cytometry) however still can bring new insights to the cytometry field and can make cell 

analysis more easy to interpret and less laborious. In this chapter the recent advances of 

SPR based cell analysis are presented. Though this chapter will not treat all of the 

published cell based SPR articles, it will try to give a good overview of the topics 

published in the recent past. The general assumption of the limitations of SPR with 

regards to cell analysis are that commercially available SPR machines (such as the various 

BIAcore units) are not very well suited to handle cells and they are prone to clogging. 

SPR is based on a detection field (called the evanescent field) of about 200 – 500 nm 

(depending on the used light source in the SPR machine). This limitation has led to the 

misconception that SPR would be unsuitable for cell analysis. Nevertheless, over the last 

few years cell based SPR research papers have become more common and slowly but 

surely the technique is gaining more traction in the field of cytometry.  

The unique advantage of SPR based cell analysis is the potential to analyze the response 

of live unfixated cells. One of the earliest examples of cells being injected over a sensor 

surface as a sample and their subsequent binding followed in real-time, rather than being 

used as a substrate, can be seen in the paper of Suraniti et al[1]. In that study murine B 

and T lymphocytes were flowed over a sensor surface with anti-CD19 and anti-CD3 

immobilized on it. The cells did bind to their expected ligand spots, but non specificity 

was also present as some cells also seemingly bound on an anti-IgG control spot. The 

imaging aspect of the SPRi apparatus that was used was also of relative low quality as 

the cells that were bound on the sensor appeared to be much larger than the size they 

actually had. Later, Cortès et al. [2] had a murine macrophage cell line flowed over a 

sensor surface with various ligands immobilized on it (anti-CD11b, anti-CD86, anti-

CD90 and anti-CD8). The cells expressed CD86 and CD11b on their surface as they only 

bound to the antibody spots corresponding to those cell surface markers. The binding was 

confirmed by flow cytometry, and microscopic analysis of the sensor after the assay. The 

analysis however was done under flow conditions (100μl/min) which might not be ideal 

for cell analysis (as bound cells or cells that are about to bind to the surface might get 
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washed of the surface again by the sheer forces of the flow). Additionally, the sensor had 

to be analyzed externally from the SPR imager using a microscope in order to confirm 

cell binding as the image produced by the SPR apparatus was of too a low resolution to 

be able to make out the cells properly.  

Research in the past has usually combined SPR with other analysis techniques. Usually 

SPR is used to prove a theory of 2 proteins binding for instance and then another 

technique (usually microscopy) is used to test the theory with actually cells. This is 

usually done as the assumption is made that SPR is unsuitable for cell analysis and also 

because it is believed that SPR is not capable to detect the desired outcome. An example 

of this phenomenon is the paper of Myung et al. In this paper they describe a very 

interesting phenomenon that CD24 expressing cancer cells are capable of exhibiting 

rolling motion on E-selectin covered surfaces (a process presumed to be related to 

enhanced invasiveness of cancer cells and to metastasis)[3]. In this paper they tested the 

(weak) binding characteristics of recombinant CD24 protein to E-selectin, after which 

they showed rolling of CD24 positive MCF7 cells on an E-selectin surface under flow 

using microscopy. Such experiments could easily be done on an advanced SPR imager 

with high resolution imaging and image capturing features, eliminating the need for 

performing the experiments on a different additional set up. 

SPRi is seemingly also an ideal technique to use for analysis of cell stimulation in real 

time. One of the earliest papers showing the ability of SPR detecting cell stimulation is 

the paper by Hide et al[4]. Rat basophilic leukemia cells (RBL-2H3) were sensitized with 

IgE and then stimulated with dinitrophenyl-modified human serum albumin. The cells 

caused a large response on top of the sensor surface.  Similarly SPRi was recently used 

to visualize the same response[5]. Also in this study the RBL-2H3 cells showed an 

increase in SPRi signal after being stimulated with dinitrophenyl-modified bovine serum 

albumin. Human sourced cells (basophiles, lymphocytes and epidermal cells) were also 

shown to be able to cause detectable responses on an SPR sensor surface after 

stimulation[6]. 

Some other noteworthy studies that stimulate cells and compare more standard techniques 

of cell monitoring were done by Kosaihira et al.[7], Chabot et al.[8] and Maltais et al.[9] 

Here cells were stimulated to go into apoptosis. Though these studies did not use any 

biomarkers to confirm cell apoptosis, they only used morphological changes and the 

associated sensor responses that were expected in the respective stimulation step. 

Additionally Kosaihira used a voltage-sensitive fluorescent dye and a fluorescence 
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microscope to simultaneously monitor the change in cell membrane potential on top of 

the biosensor[7]. 

Kuo et al. have shown that they were able to use SPR for the monitoring of osteogenic 

differentiation in live mesenchymal stem cells[10]. They used a homebrew SPR set up to 

compare it to a standard western blot analysis of cell differentiation. They used 3 cell 

lines in their experiments mesenchymal stem cells isolated from bone marrow, SaOS2 

cells expressing OB-cadherin and Hep3B cells not expressing OB-cadherin. They 

immobilized antibodies against OB-cadherin on the sensor surface which are supposed to 

bind OB-cadherin expressing cells, OB-cadherin is selectively expressed in osteoblastic 

cell lines, precursor osteoblast cell lines and primary osteoblastic cells. The paper shows 

that SPR is more accurate than the western blot as it can give both qualitative and 

quantitative data with regards to OB-cadherin expression, in addition SPR is able to this 

on live cells which western blotting can’t do.  

Following single cell movements by SPR was shown by Wang et al[11]. In this study a 

single SH-EP1 cell that was previously adhered to a substrate was manipulated with 

osmotic pressure to move the cell. A surface plasmon resonance microscopy (SPRM) 

system was used to image and follow the single cell stimulation. After cell adherence to 

the substrate the cell was stimulated with both a hyper- and hypotonic buffer. The study 

showed that high resolution SPRM can provide a detailed picture of cellular response 

under hyper- and hypotonic conditions and that the cells responded according to 

expectation.  

Similarly, a surface plasmon resonance fiber sensor was used for monitoring of cellular 

behavior by Shevchenko et al[12]. An SPR fiber sensor is in essence a miniaturized SPR 

biosensor contained within a fibre. In the case of this study the fiber used was a traditional 

telecommunications single mode fiber. Fibroblast cells were stimulated with different 

stimuli (trypsin, serum and sodium azide) and their effects on the cells were followed. 

The SPR fiber sensor was able to track changes in the cells caused by the stimuli within 

30 minutes. The effects were confirmed with several other techniques (alamar blue assay, 

phase contrast and fluorescence microscopy). The main advantage of using this fiber 

sensor compared to the other techniques would be the fact that the sensor is 

regenerateable, making it very versatile and relatively cost efficient. 
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Peterson et al. have shown a SPRi setup they designed that was capable of imaging live 

cells and quantify the protein deposition of cells at the cell edge[13]. The same group 

later published their study using a microscope based surface plasmon resonance imaging 

setup, shown to be able to visualize subcellular structures that are close to the sensor 

surface[14]. The setup was based on a commercially available inverted microscope 

platform, but with adapted light handling in order to excite the sensor surface placed on 

top of the objective. The result was a high resolution SPRi solution, one with comparable 

performance to total internal reflection fluorescence microscopy but without out the 

necessity of fluorescent labels. Also the paper did not show if this solution would work 

in multiplex (analysis of several ligands simultaneously), though this was not the primary 

goal of the study. 

As is seen so far in this introductory chapter, SPR based sensing on cells is not uncommon 

and is in fact increasing in frequency. However more often than not cells are pre-

incubated on sensor surfaces rather than being flowed over the sensors as a sample (for 

instance for the sake of studying cell surface marker expression and binding). It is the 

assumed incompatibility of cell samples with SPR setups and their fluidics that makes 

cells being used as substrates or sensing surfaces rather than actual samples. The fact is 

that indeed cells cannot be fully sensed by SRP as they fall outside of the evanescent field 

due to their large size (upwards of 8 μm, compared to an evanescent field of 200 – 500 

nm). However the height of the evanescent field is more than enough to pick up the 

binding event of a cell to a sensor surface bound ligand (usually an antibody against a 

specific protein)[15]. 

It is based on this assumption that the thesis that lies here before you is written, that cells 

can be analyzed and characterized label free and in real time with SPR as an actual sample 

rather than a substrate of sorts. This could be of great benefit for cancer cell research. 

Often cancer research is based on finding of new cell surface markers and investigating 

the effects of therapeutic candidates binding to those markers. Therefore, a multiplex cell 

analysis approach might be beneficial to speed up this type of research. In addition, the 

possibility of following these live cells as they bind to the sensor surface and monitor 

their response as they get stimulated in various ways can have great potential for cancer 

cell research. Using an SPR platform such as the IBIS MX96 for this purpose has great 

promise for the advancement of SPRi cytometry. The platform uses imaging to visually 

show the cell sample while the pixel data is being used for the biosensing aspect and the 

generation of sensorgrams. It is also an exceedingly multiplex platform as it is capable of 
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following up to 96 parameters simultaneously “out of the box”. In addition, the fact that 

the sensor surface is thermostated (thanks to the actively heated and cooled 

thermohead/flowcell) and as such can maintain temperatures of 37°C and that virtually 

any liquid with a density similar to water can be used as system buffer can be used (also 

cell culture medium) makes the IBIS MX96 SPRi seemingly suitable for cell analysis. 

With this thesis we intend to show the many various applications of SPRi when it comes 

to live cell and cell metabolomics analysis, in short we try to advance the up and coming 

field of SPRi cytometry.  

A short summary of the chapters in this thesis is now given as the remaining part of this 

introductory chapter. In chapter 2 we show that SPRi is able to detect specific binding of 

EpCAM, expressed on various cancer cells, to the sensor surface with an anti-EpCAM 

ligand immobilized on it. We also show that the various cell lines also have different 

amounts of EpCAM expression and that this is reflected in the SPRi sensorgrams. 

In chapter 3 we show an advancement of the work shown in chapter 2. We show that with 

the currently used SPRi platform we are able to detect and characterize the expression of 

42 different cell surface markers on various cancer cell lines simultaneously and within 

20 minutes. 

We show in chapter 4 that we are able to induce apoptosis in cancer cell lines and that we 

are able to detect a specific apoptosis related excretion process (cytochrome C excretion) 

using SPRi. We also show that we are able to induce apoptosis while cells are being 

monitored using SPRi.  

Chapter 5 shows the multiplex detection of tumor cell derived extracellular vesicles using 

some of the cell surface markers used in chapter 3. 

In chapter 6 we show that we are able to detect antibody excretion by hybridoma cells. 

We also show a method by which we quantify the antibody production on a single cell 

level. In chapter 7 we take the data from the experiment in chapter 6 and we make a model 

using Comsol multiphysics. The model shows that SPRi indeed can be used for the 

quantification of antibody excretion on a single cell level. 
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In chapter 8 we explore methods to detect the production of bispecific antibodies that are 

produced by a CHO cell line. We indeed did detect bispecific antibodies but the amounts 

were negligible and we were not able to validate our method as we suspect that the cells 

did not produce sufficient amounts of bispecific antibodies.  

Chapter 9 summarizes the thesis and gives an overview and outlook of the shortcomings, 

benefits and potentially interesting applications of SPRi cytometry. 
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2 ANALYSIS OF CELL SURFACE 

ANTIGENS BY SURFACE 

PLASMON RESONANCE 

IMAGING 

 

Abstract 

Surface Plasmon Resonance (SPR) is most commonly used to measure bio-molecular 

interactions. SPR is used significantly less frequent for measuring whole cell interactions. 

Here we introduce a method to measure whole cells label free using the specific binding 

of cell surface antigens expressed on the surface of cancer cells and specific ligands 

deposited on sensor chips using an IBIS MX96 SPR imager (SPRi). As a model system, 

cells from the breast cancer cell line HS578T, SKBR3 and MCF7 were used. SPRi 

responses to Epithelial Cell Adhesion Molecule (EpCAM) antibody and other proteins 

coated on the sensor chips were measured. SPR curves show a response attributable to 

the sedimentation of the cells and a specific binding response on top of the initial 

response, the magnitude of which is dependent on the ligand density and the cell type 

used. Comparison of SPRi with flow cytometry showed similar EpCAM expression on 

MCF7, SKBR3 and HS578T cells. 
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Introduction  

Surface Plasmon Resonance (SPR) can measure real-time biomolecular interactions in 

the evanescent field of the sensor surface [16]. SPR is frequently used to provide insight 

into affinities of interactions between antibodies and their targets without the need to label 

the biomolecules with a reporter molecule [17, 18]. Reports on label free measurements 

of membrane surface antigens and their ligands measured by SPR do exist [19]. However, 

label free measurement of the dynamics with the surface receptors on whole living cells 

are much less commonly reported. For monitoring cell binding to immobilized antibodies 

the cells should be injected. However most commonly they are pre-incubated on a SPR 

chip [6, 15, 20-24]. An explanation for the absence of SPRi measurements with cells is 

the relatively large size of cells (~10 to 15 μm) as compared to the depth of the evanescent 

field of SPR (~300 nm) and the fact that the optics of most commercially available SPR 

equipment with flow cells are situated on top of the fluidics [18]. The latter makes it 

impossible to measure the interaction between the cell surface and the sensor surface 

coated with the ligands as cells will settle onto the sensor surface by gravitational force. 

Most popular SPR instruments such as the BIAcore range [25] use fluidic cartridges with 

tiny valves for operation and sample injection, which are prone to clogging when 

injecting a cell suspension. Label free detection of the interaction between specific 

receptors on the cell surface and their ligand interactions using SPRi would have distinct 

advantages compared to traditional cell based analysis techniques such as flow cytometry 

or fluorescence microscopy. Antibodies used in SPRi do not need to be conjugated, which 

means that the conjugate also cannot influence the activity of the antibody and as such 

the antigen–antibody interaction more accurately depicts in vivo-like conditions. In 

addition SPRi has the potential to track a cell population in real time and follow 

subsequent stimulation steps without the need of stopping the measurement or to take 

time-lapse samples like it would be needed in flow cytometry [26]. In this paper the label 

free real-time monitoring of injected cells from breast cancer cell lines on top of 

immobilized antibodies against a Cell surface marker are studied. The SPR responses 

were evaluated when breast cancer cells expressing different Epithelial Cell Adhesion 

Molecule (EpCAM) antigen densities were exposed to EpCAM antibody coated sensor 

surfaces using an SPRi cell analysis protocol [27]. 
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Materials and methods  

SPRi  

For SPRi measurements the IBIS MX96 was used (IBIS technologies B.V., Enschede, 

the Netherlands) [28]. The IBIS MX96 has the capacity to measure 96 parameters 

simultaneously in a single measurement and uses back and forth flow for minimizing the 

amount of sample and reagents needed for a measurement. The fluidics have been 

designed in such a way that the sample does not pass any valve. The images of the chip 

during the cell sedimentation stage were made using a custom designed image grabber. 

 

CFM Spotter  

For spotting ligands on the sensor surfaces the Continuous Flow Microfluidic (CFM) 

spotter was used (Wasatch microfluidics LLC, Salt Lake City, Utah, USA) [29]. The 

CFM spotter has the ability to spot up to 48 different ligands onto the sensor chip 

simultaneously under back and forth confined flow. The confined back and forth flow 

increases the efficiency of the spotting and avoids the risk of evaporation for contact and 

noncontact droplet based spotting methods. Additionally the SPR image area of the IBIS 

MX96 allows to apply a double print for generating 96 ligands if an application would 

require that number of parameters. 

 

SPR sensors  

Easy2Spots pre-activated G-type sensors were used (Ssens bv, Enschede, The 

Netherlands) as gold SPR sensor surfaces. The chips have a 100 nm hydrogel-like gel 

layer, which enables higher capacity coupling of ligands in the evanescent field. The pre-

activated sensors are delivered for easy spotting without the need for 

ethyl(dimethylaminopropyl) carbodiimide-N-Hydroxysuccinimide (EDC-NHS) 

activation by the user.  

 

Flow cytometry  

For flow cytometric analysis of the cell lines a FacsAria II (Becton, Dickinson, San Jose, 

CA, USA) was used. To quantify the number of EpCAM antigens on the cell surface the 
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cytometer was calibrated with the QuantiBRITEs PE fluorescence quantification kit 

(Becton, Dickinson, San Jose, CA, USA).  

 

Antibodies  

Unconjugated EpCAM antibody was generated using the VU1D9 hybridoma. Goat anti 

mouse IgG F(c) antibody was acquired from Rockland immunochemicals inc., 

(Gilbertville, Pasadena, United States of America). For flow cytometry the EpCAM 

antibody VU1D9 conjugated to Phycoerythrin (PE) was used.  

 

Cells  

Cells from the breast cancer cell lines HS578T (ATCCs HTB- 126™), MCF7 (ATCCs 

HTB-22™) and SKBR3 (ATCCs HTB-30™) were used. The cells were harvested using 

trypsin and after which they were resuspended in culture medium, washed with PBS and 

finally resuspended in Phosphate Buffered Saline (PBS) solution containing 0.25% 

Ethylenediaminetetraacetic acid (EDTA). Cells were used at a concentration of ~2 x 106 

cells per ml.  

 

Sensor deactivation buffer  

Two sensor deactivation buffers were used. The first deactivation buffer was made from 

a 1% Bovine Serum Albumin solution (BSA) (Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) in ligand immobilization buffer. The second immobilization buffer was made 

from a stock solution of 2-aminoethanol (MP Biomedicals LLC, Illkrich, France), it was 

diluted to create a 100 mM 2-aminoethanol solution with a pH of 8. 

 

Ligand immobilization buffer  

A 10 mM solution of immobilization buffer with pH 4.5 was made using anhydrous 

sodium acetate (Sigma-Aldrich chemie GmbH, Steinheim, Germany) and acetic acid 

(Merck Schuchardt OHG, Hohenbrunn, Germany). First a 0.2 M stock solution was made 

of both components, then from these stock solutions 1.93 parts of sodium acetate were 

mixed with 3.07 parts of acetic acid, finally 95 parts of ultrapure demineralized water 

were added. The pH was checked and if needed adjusted to pH 4.5.  
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System buffer  

PBS 10X was created in house according to common protocol. EDTA di-sodium salt was 

acquired from VWR (VWR international bv, Amsterdam, the Netherlands). To the 1 PBS 

system buffer of the IBIS MX96 0.0003% Tween 20 (Thermo Fischer Scientific PLC, 

Waltham, Massachusetts, USA) and EDTA at a concentration of 0.25% was (later) added 

to reduce the adherence of cells to the chips.  

 

Placing regions of interest (ROI's)  

After deactivation of a chip and prior to each cell measurement regions of interest (ROI's) 

were placed over the spotted ligands as those are needed for the software to detect and 

record the local Surface Plasmon Resonance signal independently in real time. The 

software is measuring the average SPR signal within those regions of interest and they 

can be modified in terms of size as is desired by the user, in Fig. 5 we show an example 

of how regions of interest are placed in the EpCAM density experiments. ROI's are placed 

both on the specific ligand spots and on the negative control surface on which there was 

no antibody immobilized (see Fig. 2). In the EpCAM density detection experiments the 

ROI's were placed on specific ligand spots and on non-specific BSA spots, in addition 

the size of the ROI was doubled in order to maximize the analysis area.  

 

Cell binding to spots with varying ligand concentrations  

A G-type chip was spotted with a serial dilution of anti-EpCAM. The spots were created 

in the CFM with a ligand concentration of 13, 6 and 3 μg/ml. The antibodies were 

immobilized in the CFM spotter using the sodium acetate buffer for 60 min. As negative 

controls for the spotting process blank sodium acetate spots were used. For chip 

deactivation 100 mM 2-aminoethanol was flown over the chip after loading the sensor 

into the MX96. Deactivation time was 10 min. To run cell samples on the MX96 system 

a custom script for cell handling was developed. MCF7 cells were prepared at a 

concentration of ~2 x 106 ml in PBS. 600 μl of cell sample was pipetted into 600 μl PCR 

vials (Eppendorf Nederland bv., Nijmegen, The Netherlands) and placed into the sample 

rack of the MX96. Just before aspiration of the cells, the samples were first mixed 

automatically by the MX96 to resuspend the cells and prevent cell clumping while 

awaiting aspiration.  
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The cells were then injected with a speed of 80 μl/s and allowed to associate (also called 

sedimentation when no flow is applied) for 30 min by stopping the flow followed by a 

dissociation phase for 30 min under defined flow conditions. At the end of the run, 

regeneration with pH 2 glycine HCl was performed for 1 min. 

 

Sensor optimization  

To reduce non-specific sticking of cells to the SPR sensor, the deactivation protocol after 

ligand immobilization in the CFM spotter was changed when compared to more common 

SPR measurements. A 1% BSA solution in sodium acetate buffer was used as a 

deactivation agent for 15 min prior to using 100 mM 2-aminoethanol also for 15 min. 

This was done to ensure total chip inactivation of any possible open active regions that 

were not spotted with ligands. 

 

Cell binding through direct and indirect coupled antibodies to the SPR chip  

A G-type chip was spotted with goat anti mouse IgG F (c) antibody at a concentration of 

20 μg/ml and anti-EpCAM with an identical concentration. The antibodies were 

immobilized in the CFM spotter using sodium acetate for 60 min. As negative controls 

for the spotting process a 1% BSA solution was used. For chip deactivation the process 

described under chip optimization was used. For this experiment SKBR3 cells were 

prepared identically to the MCF7 cells previously. Before aspiration of the cells, the 

samples were first mixed to resuspend the cells. An entire run comprised of an anti-

EpCAM capturing phase for 20 min (to obtain anti-EpCAM capture on the anti-IgG 

spots), a cell injection with a speed of 80 μl/s followed by a sedimentation phase of 30 

min, followed by a dissociation phase in which PBS-EDTA system buffer is passed for 

30 min under defined flow conditions and a regeneration phase in which 1 M glycine–

HCl pH 2 is passed for 60 s.  

 

 

 

 



SPRi Cytometry 

Ivan Stojanović - October 2016   19 

Measurement of EpCAM expression on the cell surface of HS578T, MCF7 and SKBR3 

cells using SPRi  

To determine the effect of EpCAM antigen density on the SPRi signals cell lines with 

different EpCAM antigen density were used. MCF7 and SKBR3 were chosen since they 

have detectable levels of EpCAM expression, whereas HS578T was chosen as a “negative 

control” since that cell line has very low amounts of EpCAM expression as was shown 

in experiments previously performed by members within our group (data not shown). For 

every cell line a new chip was used to ensure that each measurement started with a clean 

surface with no residual adhering cells or cell debris. In this way the responses that will 

be detected can only be attributed to the cell sample and not to any of the above mentioned 

potential artifacts. The chips were spotted as mentioned earlier with anti-EpCAM (all 

with the same concentration of 20 μg/ml) and cells were flowed with a concentration of 

~2 million cells/ml.  

 

Analysis of antibodies bound per cell  

To determine the number of antigens expressed on the cell lines the flow cytometer was 

calibrated with QuantiBRITEs PE beads [30]. The antibody used for the assay was the 

anti-EpCAM antibody VU1D9 conjugated to PE. To determine if SPRi sensorgrams are 

able to provide insight into antigen densities a series of experiments was performed to 

determine the average ΔR signal (the difference in response signal compared to the CRhrec 

(Cell Response highest recorded) of a specific binding interaction and the CRhrec of a non-

specific sedimentation of cells). Each cell line was measured using 30 individual spots, 

which had anti-EpCAM immobilized on the surface in a concentration of 10 μg/ml.  

 

Results  

Cell binding to spots with varying ligand densities  

A typical SPRi measurement of cells is illustrated in Fig. 1. A G-Type chip with spots 

coupled with 0, 3, 6 and 13 μg of EpCAM antibody and cells from the breast cancer cell 

line MCF-7 are used in this experiment. After flow across the chip has been initiated at 

20 μl/s the cell suspension is injected as visualized by the first spike in the SPR response 

caused by bulk refractive index differences. The insert in the figure shows an image of 4 

of the 48 spots, which correspond to the response curves shown in the figure. The white 
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dots in the SPR image are caused by the binding of the MCF-7 cells. After the cell 

injection the flow is stopped and the cells are allowed to settle. A clear difference in the 

response curves measured at the four ROI's is observed. The curves of the ROI's with 0 

and 3 μg of EpCAM are relatively flat after an initial increase in contrast with the curves 

of ROI's with 6 and 13 μg of EpCAM which show a steady increase in the response. The 

slope of the response appears higher with increasing concentration of antibody on the 

spots. After 30 min the flow is restarted as can be observed by the second spike in the 

response curve. The response curves of the ROI's with 0 and 3 μg of EpCAM stay flat 

whereas the curves of 6 and especially 13 μg of EpCAM keep increasing.  

 

Cell binding through direct and indirect coupled antibodies to the SPR sensor  

Fig. 2 shows a SPR response of SKBR3 cells on a G-Type chip with spots coated with 

BSA (curve and spot 5, 6, 7), 20 μg/ml of EpCAM antibody (curve and spot 3, 4) and 20 

μg/ml of EpCAM antibody immobilized via anti-IgG on the spots (curve and spot 1, 2). 

The anti-EpCAM spots on which the antibody was captured using an anti-IgG antibody 

(curve 1, 2) show a slightly higher response as compared to the directly immobilized anti-

EpCAM (curve 3,4). The response curves from the anti-EpCAM negative spots (curve 5, 

6, 7) are significantly smaller and the observed signals can be attributed to cell 

sedimentation. After 30 min the flow is restarted and whereas the response curves of the 

antiEpCAM spots even under flow keep increasing the signals from the EpCAM negative 

spots decrease.  

 

Sensor optimization  

It was noted that blocking with BSA had a profound effect on non-specific cell adherence 

to the SPR chip. Spots that contained 1% BSA in sodium acetate had a considerably lower 

amount of non-specifically sticking cells as opposed to spots that were covered with just 

sodium acetate buffer. Consequentially we covered the chips after immobilization with a 

1% BSA solution to deactivate the remaining active areas of the chip, this was carried out 

in addition to the 2-aminoethanol deactivation buffer step. The chips that used this 

protocol turned out to have much less nonspecific binding as can be seen when comparing 

Figs. 1 and 2. The curves show a lower amount of non-specific sticking of cells on the 

negative spots as can be seen when comparing the response curves of the negative spot 

in Fig. 1 curve 4 (no BSA) with the one in Fig. 2 curve 5 (with BSA).  
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Figure 2.1: Sensorgram of MCF7 cells binding on a G-type chip to spots with ligands immobilized on them using ligand concentrations 

of 0, 3, 6 and 13 μg of anti-EpCAM. The superimposed image of the chip with the captured cells was taken in the minute before the 

flow was restarted. The white squares indicate the location of the ROI. 
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Figure 2.2: Sensorgram of SKBR3 cells binding on a G-type chip to specific spots of anti-IgG F(c) captured anti-EpCAM and directly 

immobilized anti-EpCAM. The superimposed image of the chip with the captured cells was taken in the minute before the flow was 

restarted. The white squares indicate the location of the ROI on the sensor surface. 

 

Determination of the number of EpCAM antigens expressed on cancer cell lines by flow 

cytometry  

Cells from the breast cancer cell line HS578T, SKBR3 and MCF7 were stained with the 

EpCAM antibody VU1D9 labeled with (PE) and analyzed by flow cytometry. The 

absolute number of antigens was obtained by calibration of the flow cytometer with 

QuantiBRITEs PE beads. The number of EpCAM antigens on cells from the breast cancer 

cell line HS578T was ~1293, SKBR3 128,352 and MCF7 cells 292,483. After 

determining that MCF7 had the highest expression of EpCAM the expression level of 

that cell line was given a value of 100. The values of the other cell lines were calculated 

proportionally and were 44 for SKBR3 and 0.4 for HS578T. EpCAM was expressed 99 

fold more on SKBR3 cells as compared to HS578T cells and on MCF7 cells 226 fold 

more as compared to HS578T cells. EpCAM was expressed 2.3 fold more on MCF7 cells 

when compared to SKBR3 cells.  
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Measurement of EpCAM expression on the cell surface of HS578T, MCF7 and SKBR3 

cells using SPRi  

Fig. 3 shows the SPR curves for three different cell lines all flown over identical chips 

spotted with directly immobilized anti-EpCAM antibody at 20 μg/ml. All three cell lines 

show an increase of the SPR signals after injection. MCF7 shows the highest signals 

followed by SKBR3 and HS578T cells. After 30 min the flow is restarted and the signals 

of the MCF7 cells and SKBR3 cells keep rising whereas the signals from the HS578T 

cells do barely increase. Measurement of the same cell lines on the BSA coated spots 

show that the signal of the MCF7 cells is the highest, which can most likely be contributed 

to the adherence of the cells which is greatest for the MCF7 cells followed by HS578T 

and SKBR3. The obvious difference in binding ratios with the HS578T cell line between 

the anti-EpCAM and BSA spots when comparing to the other two cell lines is attributable 

to the fact that the cell line has a very low expression of EpCAM and the responses on 

those spots are virtually identical to each other.  

 

Figure 2.3: Overlay sensorgram of MCF7, HS578T and SKBR3 cells on G-type chips with spots that had 20 μg/ml solutions of anti-

EpCAM immobilized on them. 
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Determining EpCAM antigen density ratios on cancer cell lines using SPRi  

After determining SPR responses for all three cell lines over 30 separate ROI's the 

average ΔR was determined (CRhrec of an anti EpCAM spot minus the CRhrec of a non-

specific BSA spot = ΔR). The CRhrec values were interpreted in the last minute before the 

restart of the flow. Visualization of the response of the cells to the ligands indicated that 

the reaching of an equilibrium would take a long time. As the cells were not suspended 

in cell culture medium an exposure for a long time can give rise to undesirable cell death 

due to the lack of nutrients. HS578T had the lowest average ΔR (70 RU), followed by 

SKBR3 (279 RU) and MCF7 with the highest value (1057 RU). Employing the same 

method as in the flow cytometer measurements the MCF7 response was given the value 

100, while the other values were calculated proportionally and were 26.4 for SKBR3 and 

6.6 for HS578T. According to SPRi, SKBR3 had a 4.0-fold higher expression of EpCAM 

than HS578T and MCF7 was 15.2 fold higher than HS578T. MCF7 compared to SKBR3 

was 3.8 fold higher in expression of EpCAM. For full details of these measurements see 

Table 1. 
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Table 2.1: Overview of the SPR measurements done on MCF7, SKBR3 and HS578T cells. The numbered columns represent the 

analysis spots that were immobilized with anti EpCAM and the “Ref” columns being the reference spots that were immobilized with 

BSA. The highest recorded RU that was detected in the last minute prior to restarting of the flow was taken as the RU value for the 

experiments and the subsequent calculations. The bottom two rows compare the EpCAM density determination with SPR and flow 

cytometer on MCF7, SKBR3 and HS578T cells. 

 
 1 Ref 2 Ref 3 Ref 1 Ref 2 Ref 3 Ref 1 Ref 2 Ref 3 Ref

1 1213 561 1733 597 1759 513 704 669 925 879 766 809 1898 1682 1808 1892 1544 1420 

2 1382 654 1403 662 2864 791 782 832 1168 929 730 731 2242 1988 2299 1954 1658 1168 

3 1543 732 1731  1710 595 973 712 1589 540 981  1860 1420 2192 1354 1349  

4 1363  1607  1489  884  1292  1297  1938  1645  1280  

5 1506  1767  1699  678  1166  1160  1886  1674  1221  

6 1537  1787  1586  807  1406  1083  2152  1622  1519  

7 1359  1531  2252  1061  862  1355  1522  1522  1572  

8 1946  1548  2264  910  1040  1233  1480  1378  1732  

9 1167  1698  1636  1043  907  1157  1649  1561  1345  

10 1758  2249  1751  1269  1041  989  1359  2282  1219  

Mean column 1477 649 1706 629 1901 633 911 738 1140 783 1075 770 1799 1696 1798 1733 1444 1294 

St.dev. 238 86 227 46 427 143 182 85 235 211 210 55 290 284 337 330 185 178 

CV 16 13 13 7 22 23 20 11 21 27 20 7 16 17 19 19 13 14 

Combined mean 1695 638     1042 763     1680 1610     

Combined st.dev 348 91     225 125     317 311     

Combined CV 21 14     22 16     19 19     

Δ Shift 1057      279      71      

Ratio with SPR 100      26.4      6.6      

Ratio with FACS 100      43.9      0.4      
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Discussion  

The feasibility of SPRi for the measurement of the specific binding between antibodies 

immobilized on the SPRi sensing surface and cells from cancer cell lines that adhere to 

the surface of tissue culture plates was explored. As a model system we used the 

expression of the EpCAM antigen on the cell surface of three breast cancer cell lines. In 

contrast to our recent work of red blood cells that remain in suspension [27] cells from 

breast cancer tumor cell lines were used to explore what would happen with the SPRi 

responses of cells that naturally adhere to a surface. Indeed cells that sedimented onto the 

sensing surface gave rise to an increase in signal. The increase in SPRi signal could be 

attributed to the penetration of cells into the evanescent field on top of the sensing surface 

(Figs. 1 and 2). The sensorgram shows a typical slope and increase in response as only 

seen during cell sedimentation and characterized by a “delayed” shaped curve visible at 

the start of the cell sedimentation process. Although this delayed curve is a typical feature 

of cell based SPR measurements it becomes a profound “fishhook” if common mode 

effects such as temperature differences occur between sample and the system buffer.  

Because temperature is a common mode bulk refractive index effect, the curve can be 

corrected by subtracting data using a so-called reference area, which was defined by a 

ROI in the IBIS software in which there was no specific interaction expected between the 

surface and the used cell sample. Both the reference and the analysis ROIs' had identical 

dimensions. We chose not to employ referencing as we feel it was important to see the 

behavior of the cells on top of the sensor without referencing. In normal SPR 

measurements where solutions of for instance proteins are used referencing is preferred. 

These solutions are completely homogenous whereas in our measurements the cell 

suspensions are not homogenous. Even though the samples had virtually identical 

amounts of cells prior to injection, the inhomogeneity occurs due to the random 

sedimentation of the cells on the surface. As such there is a chance that on a reference 

spot less cells would land compared to an analysis spot. This would give a false positive 

signal for the analysis spot when a reference would be used where this is the case. The 

ability to manipulate the sedimentation of the cells or single cell analysis would overcome 

this problem.  

Another important phenomenon to take into account is that there is a distinct difference 

between cells that have a natural adherent behavior such as the adhering cancer lines 

compared to cells that do not show a natural tendency of adherence such as the 

erythrocytes and lymphocytes. The main difference that becomes apparent is that 
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adherent cells start to adhere non-specifically after a period of time. Without adding 

regenerative additives or without taking special chip inactivation precautions (BSA 

coating, which reduces adherent behavior) the cells cannot be washed off again. Non-

adherent cells do not show this kind of behavior and are able to be washed off from 

nonbinding spots considerably easier even after a longer period of time [27]. The non-

specific adherent cell behavior can be disabled to a certain extent by using EDTA as an 

additive to the sample buffer. EDTA chelates multivalent ions such as calcium and blocks 

functions of pathways as mediated by cadherin. The cells in such a PBS-EDTA buffer 

bind due to a specific interaction of the receptor on the cell membrane to the immobilized 

ligands and to a much lesser extent due to their adherent behavior [31]. Additionally BSA 

in the deactivation buffer prevented non-specific binding even further.  

While injecting the cells in the fluidic chamber a laminar flow profile exists and the cells 

are forced to flow in the middle of the channel without touching the walls. The largest 

velocity gradient exists close to the wall (depletion layer). When the flow is stopped an 

initial delay in the response occurs. Some time is needed for the cells to sediment into the 

evanescent field from which point on they are detected as a refractive index shift. The 

time it takes for the cells to sediment into the evanescent field is dependent on the type 

of cell, the dimensions of the flow cell (the higher the flow cell the longer it takes to 

sediment), the weight of the cells, specific density of the cells (or of the buffer they are 

in) and the shear forces within the flow cell. These shear forces are partially influenced 

by the injection velocity of the sample which causes cell depletion due to laminar flow. 

The shear that manifests itself due to differences of flow velocity between the middle of 

the flow pattern and the flow chamber wall are causing cells to “prefer” the middle of the 

flow and as such in the stagnant layers at the flow chamber wall there will be a depletion 

of cells [27]. Generally it is observed that after injection the delay in response is between 

30–60 s for the cells while the injection velocity was 80 ml/s. Cells will sediment non-

specifically on the whole sensor surface area. However, contrary to the sedimentation of 

non-adhering cells the specificity of adhering cell binding occurs in the association phase 

where a steep specific increase in signal is detected on top of the non-specific 

sedimentation signal.  
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An explanation of the sensorgram in Fig. 1 is that adhering cells that attach to their 

respective specific ligands are pulled much stronger towards the surface than the same 

adhering cells that are allowed to sediment but will not bind specifically. A steady 

increase of the signal is observed and an additional effect is that the still living cells are 

assumed to spread and anchor themselves onto the chip (see Fig. 4).  

 

Figure 2.4: Representation of cell spreading on an SPR chip during a measurement. (1) The flow chamber is still empty as the cell 

sample is being injected. (2) Cells sediment and gradually fall into the detecting range of the SPR. (3) Cells sediment fully and attach 

to their specific ligands. (4) Under the influence of ligand binding, cells start to spread out and get pulled deeper into the evanescent 

field causing a stronger increase in SPR signals for specifically bound cells as opposed to non-specifically bound cells. Specifically 

bound cells and cells that are not bound can be distinguished easily. 

As a consequence it allows more ligands to interact with the cell surface antigens, causing 

the cells to get pulled deeper into the evanescent field and to continuously interact with 

the ligands. In our experiments the cells do not reach an equilibrium even after 30 min. 

We found that with decreasing concentrations of ligand (see Fig. 1) the cells tend to 

approach an equilibrium faster than when they are allowed to interact with a spot with a 

higher concentration of ligand. Reaching equilibrium depends on the type of cells that 

were used, the concentration of the ligand and the time that is given to the interaction. 

For illustration we show a sensorgram of a HepG2 liver carcinoma cell line (ATCCs HB-

8065™) in Fig. 6 that was allowed to interact for a longer period of time in the presence 

of cell culture medium with an anti EpCAM surface. Here the cells eventually do reach 
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an equilibrium in their interaction with the ligands. It has to be noted that recent studies 

have shown that intracellular signaling events also give rise to an increase in RU [21, 24]. 

After activation and subsequent intracellular events cells that were monitored with SPRi 

gave increased RU values compared to when they were inactive and present on the sensor 

surface. In our study the increased RU values of the cell lines over time could also have 

been caused by intracellular signaling events. The cells might have been triggered by the 

binding of EpCAM cell surface molecules and the EpCAM antibodies to intracellular 

(production) activity or the cells might have excreted some proteins into the evanescent 

field that they partially occupy while being bound on the sensor surface. Further 

investigation will have to show what the exact cause is of the increase in RU over time.  

In the experiments with the MCF7, SKBR3 and HS578T cells even after restarting the 

flow we see an increase in signal in a similar trend as is seen during the sedimentation. 

This can be explained by the adherence of cells that are caught in the hydrogel and are 

continuously interacting with the ligands within the gel and as such the interaction seen 

during the sedimentation continues. The cells that will not bind with the immobilized 

ligands show a lower and stable/flat signal (see Fig. 1) and after restarting the flow do not 

show a significant increase in signal as they are not interacting with the ligands within 

the gel. The sensor surface with hydrogel (~100 nm hydrogel-like layer) further enhances 

the discrimination of specific and non-specific binding of cells to the sensor surface. A 

flat surface chip (a so called planar chip) would not enable binding discrimination as is 

described here, due to the lack of a hydrogel. When using a planar type chip an additional 

washing step is actually necessary in order to be able to discriminate between specific 

and non-specific cell binding[27]. We have also performed measurements with the 

adherent liver carcinoma cell line HepG2 (sensorgram shown in Fig. 6). Using a g-type 

chip which was inactivated with the protocol described in this paper we observed that the 

cells were binding to anti-EpCAM spots, but not to anti-BSA spots, proving the ability 

of SPRi to distinguish specific cell binding with specific antibodies from no cell binding 

with non-specific antibodies.  
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In addition the chips that were made had spots with ligands immobilized on them. These 

ligands were prepared in solutions with particular concentrations. Though these 

concentration solutions give an idea of the amount of ligand that was available for 

immobilization it does not however say how many of these ligands actually were 

immobilized to the surface. It would be beneficial to know the exact amount of 

immobilized ligand on the chip in order to be able to study the binding characteristics of 

cells and their ligands in more detail.  

The signal (in RU) is dependent on the number of cells that sediment in the ROI and the 

size of the ROI. The software only determines the SPR shift within the ROI. When a ROI 

is made smaller a sedimenting cell (provided it lands within the ROI) will give rise to a 

higher response. Consequentially when smaller regions of interest are used (for instance 

when a ROI would be made as small as a single cell) the system also becomes much more 

sensitive to noise. It is therefore imperative to find a balance between the size of the ROI 

and the level of the signal to noise. Ideally, a system would be able to locate the individual 

cells after sedimentation and place the ROI's around the individual cells, a second larger 

ROI around the individual cell can then be used for referencing and background 

subtraction. It is very important to have a reproducible injection of the number of cells. 

Additionally cells should sediment in an identical way. However when the flow is stopped 

the cells sediment randomly on the chip which means that they will also sediment in 

varying numbers in the ROI's. This results in a non-identical shift even if an equal number 

of cells is being injected. This is evident for the results in Table 1 where each sample was 

kept at 2 million cells/ml. The responses are never perfectly reproducible, however when 

comparing it to flow cytometry it gives the same order of EpCAM expression in HS578T, 

SKBR3 and MCF7 cells. At this time SPR can provide a relative antigen density and a 

relative measure for the interaction between the cell surface antigens and their ligands on 

the SPR sensing surface. To provide more quantitative numbers the SPR response will 

need to be correlated to a single cell response and a SPR response standard will need to 

be created that can relate the response to an actual number. A potential application for 

SPRi for analysis of cells is the simultaneous screening of the presence and affinity of 48 

(or 96, if double spotting is employed) different ligands on the surface of cells. 

Development of tools to monitor the SPRi response of the individual cells will increase 

the likelihood of success and this may lead to the ability to measure the responses of the 

cell to for example drugs.  
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Figure 2.5: Example of how the regions of interest were places on the spots. 

 

Figure 2.6: Sensorgram showing HepG2 cells binding to anti-EpCAM spots and not to Anti-BSA spots. 

 

Conclusion  

SPR imaging can be used to distinguish between specific and nonspecific cell binding on 

a gold sensor chip coated with ligands. Both MCF7 and SKBR3 cells show specific 

interaction with antiEpCAM covered spots on the chip. The binding effect is visible on 

top of the collective sedimentation signal and is clearly distinguishable from non-specific 

binding which is the result of the adherent nature of the used cell lines. HS578T cells 

were used as a negative control and did not show any specific binding interaction to the 

anti-EpCAM surface due to their low levels of EpCAM expression. The EpCAM 

expression measured with SPRi on HS578T, SKBR3 and MCF7 resulted in an EpCAM 
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ratio of 6.6: 26.4: 100, by flow cytometry the EpCAM expression ratio between these cell 

lines was 0.4:43.9:100. We show that the EpCAM antigen density at the membrane 

surface of cells can be determined by SPRi and discriminated from nonspecific binding 

responses. 
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Abstract 

Rapid multiplex cell surface marker analysis can expedite investigations in which a large 

number of antigens need to be analyzed. Flow cytometry is the gold standard for the 

analysis and quantification of antigen expression on cells. Simultaneous analysis of 

multiple cell surface antigens at the same level of sensitivity is however limited. In this 

paper we introduce a Surface Plasmon Resonance imaging (SPRi) based technique for 

multiplex (44-plex) parameter analysis using a single sample, in less than 20 minutes. We 

analyzed the expression of 44 antibodies including 4 negative controls on cells from 5 

different cancer cell lines by SPRi and compared the output with flow cytometry. The 

correlations (R2) of the markers that showed expression by flow cytometry was 0.91 for 

NCI H460, 0.89 for MG63, 0.83 for MCF7, 0.79 for KG1a and 0.67 for SKBR3 cells. 

Combined correlation of these markers across all cell lines was 0.76. The results show 

that SPRi can be used for rapid quantitative multiplex cell surface marker analysis. 
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Introduction 

In the recent years the desire for high throughput multiplex cell analysis has grown and 

has driven research towards developing novel ways to fulfill this desire. This desire stems 

from the fact that diseases such as cancer often involve complex cell surface antigen 

expression patterns. Several techniques like fluorescent microscopy and flow cytometry 

have proven to be useful for multiplex cell analysis, but they are time consuming and 

multiplexing is limited by the available stains and filters of the respective set up. A 19 

parameter flow cytometry set up was reported [32], but its difficulty of use and 

complexity of data interpretation and presentation make the method unattractive to use. 

In addition the antibodies used in multi-parameter flow cytometric analysis cannot detect 

the antigens with the same sensitivity. Though flow cytometry remains the standard for 

cellular biomarker expression analysis, new applications of existing techniques are 

upcoming and showing promise in supplementing flow cytometry. Recently a 65-plex 

cytometry biomarker platform was introduced (by Zellkraftwerk GmbH, Leipzig, 

Germany), it combines microscopy with flow cytometry like data processing. Cell 

samples are loaded into a microfluidic chip in which they are fixated using 

paraformaldehyde after which they are stained with the desired set of markers, however 

each marker staining and analysis is a stand-alone process, thus the sample needs to be 

bleached prior to being re-stained with the following marker [33]. This makes the process 

relatively lengthy and laborious. Alternative strategies for multiplexing with flow 

cytometry were also published recently. Sukhdeo et al. showed a technique in which they 

use flow cytometry and fluorescent cell barcoding of different cell samples in order to 

distinguish them in one collective sample and analyze them individually. Two different 

intracellular stains were used, whereas secondary antibodies that were used in the analysis 

were all labeled with Alexa647 [34]. Though multiplexing is usually referring to the 

analysis of several cellular markers or targets simultaneously, multiplexing in this study 

refers to the simultaneous analysis of 1 marker in 3 different cell lines pooled into one 

sample.  

In the scientific community flow cytometry is almost unanimously seen as the gold 

standard for determination of antigen expression of cells. Some groups have focused on 

alternative techniques that are not based on flow cytometry to eliminate some of the 

shortcomings related to using flow cytometry for multiplex cell analysis. Optical dark 

field microscopy was combined with gold nanorod molecular probes (GNrMP) that were 

conjugated to antibodies instead of a fluorescent dye. Three markers were studied 
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simultaneously, but the authors indicate that 15 or more could be possible [35]. This 

technique in particular addresses one of the shortcomings of flow cytometry as the range 

of wavelength that can be used is limited. The GNrMP technique can work in between of 

600 – 2000 nm, offering ample multiplexing capacity. Lee et al. have shown a surface-

enhanced Raman scattering (SERS)-based cellular imaging technique that uses silica-

encapsulated hollow gold nanospheres (SEHGNs). Three markers were analyzed and 

quantified on living cell samples simultaneously [36]. 

Here we propose an alternative technique for multiplex cell analysis, Surface Plasmon 

Resonance imaging (SPRi). Recently we have reported the ability of SPRi to consistently 

detect EpCAM expression on various cancer cells while keeping the cells alive, analyzing 

them in real time and label free [37]. Here we introduce SPRi for the simultaneous label 

free detection of 44 antigens on viable cells in less than 20 minutes. In addition the ease 

of use of the system and the simple sample preparation would be an improvement over 

more laborious and complex cell analysis alternatives. In our experiments flow cytometry 

was used as the reference technology for comparing the SPRi output. Antigen expression 

was quantified using QuantiBRITE® PE beads and the relative expression ratio of each 

cell surface marker for each cell line was compared with the Resonance Unit (RU) output 

of SPRi. 

 

Materials and methods 

SPRi 

For SPRi measurements the IBIS MX96 was used (IBIS technologies B.V., Enschede, 

the Netherlands). The fluidics in the IBIS MX96 are designed such that the sample does 

not pass any valve. Contrary to most other SPR machines available commercially, the 

MX96 has the fluidics and optics “the right side up”. This means that the camera and 

detector are located under the sensor assembly whereas the fluidics pass over the top of 

the sensor surface. Usually commercially available SPR imagers have the sensor 

assembly mounted upside down so that the fluidics pass “under” the sensor and the optics 

are above of the assembly. The standard 100 μm flow cell in the IBIS MX96 was replaced 

with a 300 μm flow cell to obtain better sample homogeneity in the flow cell upon 

injection of the cell sample. The obtained homogenous cell sample injection and larger 

volume of culture medium improves the cell viability over time. Regions of Interest 

(ROI’s) were used to define the analysis and reference surface area. Each analysis ROI 
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had its own dedicated reference ROI, after data collection the responses from the 

reference ROI’s were subtracted from each analysis ROI in order to obtain referenced 

output data. The ROI’s were sized 302500 μm2 (0.3025 mm2). A more detailed 

description of the SPR set up and the reasoning why we feel this SPR set up is very useful 

for SPR cytometry can be found elsewhere[38, 39]. 

 

CFM Spotter 

For immobilizing various anti-cell receptor ligands on the sensor surfaces the Continuous 

Flow Microfluidic (CFM) spotter was used (Wasatch microfluidics LLC, Salt Lake City, 

Utah, USA) [29]. Ligand immobilization buffer was used to prime the CFM system and 

to dilute the desired ligands. The immobilization protocol lasted 60 minutes. The CFM 

spotter has the ability to spot up to 48 different ligands onto the sensor in a single run 

simultaneously under back and forth confined flow (or 96 ligands if double sided printing 

is used). The confined back and forth flow increases the efficiency of the spotting and 

avoids the risk of evaporation for contact and non-contact droplet based spotting methods. 

 

SPR sensors 

Easy2Spot® pre-activated G-type Senseye® sensors (Ssens bv, Enschede, the 

Netherlands) were used as gold SPR sensor surfaces. The sensors have a 100 nm 

hydrogel-like layer, which enables higher capacity coupling of ligands in the evanescent 

field and gives the ligands a level of mobility approaching much more in vivo-like 

circumstances. The sensors are pre-activated for easy immobilization without EDC-NHS 

activation required by the user. 

 

Antibodies 

Antibodies were selected based on expected differences in expression levels between 

cells of the 5 cell lines. The antibodies that were used belong to 3 different categories 

providing information of tissue origin, recognizing antigens involved in cell adhesion and 

potential drug targets. Anti-human EpCAM/CD326, Her2 and EGFR antibody were 

kindly provided by Immunicon corp, Huntingdon Valley, Philadelphia, USA. Anti-

human CD3, CD8a, CD11c, CD14, CD19, CD20, CD25, CD33, CD45, CD56, CD61, 

CD66b, CD105, CD123, CD140a, CD146, CD235a, CD71, CD117, CD221, CD227, 
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CD261, CD262, CD309, Her3, CD24, CD44, CD49a, CD49b, CD49c, CD49d, CD49e, 

CD49f, CD103, CD104, CD106, CD113, CD144, CD166, CD324, CD334 antibodies 

were purchased from Biolegend inc., San Diego, California, United States of America. 

Anti-human CD113 was purchased from Santa Cruz biotechnology inc., Santa Cruz, 

California, United States of America. Anti-human CD103 was purchased from BD 

biosciences, San Jose, California, United States of America. Anti-human serum albumin 

(HSA) antibody was used as a negative control in the SPRi experiments and was 

purchased from Sigma-Aldrich chemie GmbH, Steinheim, Germany. Anti-mouse IgG PE 

was purchased from Abcam, Cambrige, United Kingdom and was used for staining of 

unlabeled antibodies in flow cytometry and as a negative control in the SPRi experiments. 

 

Cells 

Cells from the following cell lines were used: breast cancer cell lines MCF7 (ATCC 

HTB-22™) and SKBR3 (ATCC HTB-30™), the acute myelogenous leukemia cell line 

KG1a (ATCC CCL-246.1™), the osteosarcoma cell line MG-63 (ATCC CRL-1427™) 

and the large cell lung cancer cell line NCI-H460 (ATCC HTB-177™). The cells were 

cultivated in their appropriate complete culture medium and were harvested using trypsin 

(except KG1a) after which they were resuspended in complete culture medium to obtain 

a concentration of 1 million cells/mL before injection as a cell sample in the SPRi 

apparatus.  

 

Sensor deactivation agent 

A 1% Bovine Serum Albumin solution (BSA) (Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) in sodium acetate immobilization buffer was used as a deactivation agent. A 

stock solution of 2-aminoethanol (MP Biomedicals LLC, Illkrich, France) was used to 

create a 100 mM 2-aminoethanol solution with a pH of 8 and used as an extra sensor 

deactivation step after the initial BSA deactivation. 

 

Ligand immobilization buffer 

A 10mM solution of immobilization buffer at pH 4.5 was made using anhydrous sodium 

acetate (Sigma-Aldrich chemie GmbH, Steinheim, Germany) and acetic acid (Merck 

Schuchardt OHG, Hohenbrunn, Germany). First a 0.2 M stock solution was made of both 
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components, then from these stock solutions 1.93 parts of sodium acetate were mixed 

with 3.07 parts of acetic acid, finally 95 parts of ultrapure demineralized water were 

added. The pH was checked and if needed adjusted to pH 4.5. 

 

System buffer 

When viable cells were analyzed in the SPRi apparatus, the system buffer was their 

respective complete culture medium in order to prevent bulk shift differences.  

 

Multiplex cancer cell line analysis using SPRi 

The antibodies were diluted in ligand immobilization buffer in order to achieve an end 

concentration of 5μg/mL. Forty-eight wells of a 96-well plate were filled of which 44 

with an anti-cell receptor antibody and 4 were used as negative controls (anti-HSA 

antibodies and anti-IgG antibodies). Figure 1 shows the layout of the antibodies on the 

sensor. The well plate and SPR sensor were then inserted in the CFM spotter after which 

it was set up to print the ligands during 60 minutes (60 cycles of 1 minute). After 

completion of the printing the sensor was inserted in the MX96 and sensor deactivation 

was performed with the 2 deactivation buffers (1 minute each). After deactivation the 

analysis script and times were programmed into the MX96. The cells are flowed over the 

sensor surface using a custom made “cell analysis script” in which the sample plug 

containing the cells is flushed over the entire surface and after which the flow is switched 

off, allowing the cells to sediment and interact with the ligands. Cells were allowed to 

interact with the ligands for 1000 seconds (16.7 minutes) and after this association phase 

the back flow of fresh medium was restarted again.  
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Figure 3.1: schematic image of the 44 parameter SPRi sensor. 

 

Quantification of cell surface marker by flow cytometry  

To validate the data acquired by SPRi, a comparison was done using flow cytometry 

analysis. Experiments were done on a BD FACS Aria II ® flow cytometer (BD 

biosciences, San Jose, California, United States of America). The flow cytometer was 

equipped with 325, 488 and 633 nm wavelength lasers. Since the antibodies are 

unconjugated in order for them to perform optimally in SPR, we had to use a secondary 

antibody (anti IgG PE) to stain the antibodies for use in flow cytometry. This way the 

same antibodies from the same clone and batch can be used and performance of SPRi can 

be optimally compared with flow cytometry. The cells were prepared for flow cytometry 

using the following protocol. The cells were harvested and washed with PBS + 1% 

albumin (PBSA). The cells were centrifuged at 500 g for 10 minutes after which the pellet 

was resuspended to obtain 1 million cells/mL. One mL of this cell suspension was 

pipetted into a FACS tube and then centrifuged for 10 minutes at 500 g. The pellet was 

resuspended in 50μl of PBSA. Unconjugated antibody solution was added to reach a 

concentration of 1μg/mL and incubated for 30 minutes at room temperature. Two 

washing steps with 2 mL PBSA and a subsequent 10 minute at 500 g centrifugation were 

done. The pellet was resuspended in 50μL of PBSA. PE conjugated anti IgG antibody 

was added to reach an end concentration of 2 μg/mL, the sample is then incubated in the 
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dark for 30 minutes at room temperature. Again 2 washing steps with 2 mL PBSA and a 

subsequent 10 minute at 500 g centrifugation were done. The cell pellet was then fixated 

with a 1% formaldehyde solution for 10-15 minutes, after this the washing steps were 

repeated. Finally, the pellet is resuspended in 2 mL PBSA. Samples were made for all the 

cell lines separately with all the markers including a negative control sample with just the 

cells and the cells with just the anti IgG PE antibody, this way a clear distinction could 

be made between background noise and a true positive signal. The expression levels of 

the separate markers on the different cell lines were quantified with the QuantiBRITE® 

PE quantification kit (BD biosciences, San Jose, California, United States of America) 

using a previously published protocol [30].  

 

Results 

Multiplex cancer cell line analysis using SPRi 

Figure 2A shows an SPR sensorgram illustrating the expression of all tested markers on 

cells from the breast cancer cell line MCF7 and Figure 2B an SPR sensorgram illustrating 

the expression of HER2 on cells from the 5 different cell lines. The sensorgrams clearly 

show a great divergence of expression of the markers on MCF7 cells, likewise different 

levels of HER2 expression on cells of the 5 cell lines are seen. The higher the SPR 

response, the higher the cell surface expression of the antigen identified by the tested 

antibody. The SPR RU endpoint values were recorded after 900 seconds as indicated with 

a dashed line in figure 2A. The SPR RU values obtained from each cell line and each 

antibody are shown in table 1. All data was collected at the same time (t=900 seconds) 

and the RU values show differences in responses per cell line and per marker. Some 

markers also show negative SPR responses. The SPRi values were color coded in table 

1, all values at or below the isotype PE control were colored red and the values above 

were gradually colored from red, yellow to green (red tones representing the low 

expressed markers and green tones representing the highly expressed markers). Anti-

human serum albumin spots were also used as negative control surfaces and their values 

are also given in table 1. However we have chosen to use the values obtained from the 

anti-IgG spots as a cutoff between positive and negative as the same anti-IgG PE antibody 

was used for the IgG PE control stain. 
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Figure 3.2A: Graphical output of MCF7 cells analyzed with SPRi. Shown are 44 markers which are expressed in varying levels on 

the cell surface of MCF7 cells. The higher the expression, the higher the response in RU. Figure 3.2B: Graphical output of a single 

marker (HER2) analyzed with SPRi across 5 different cell lines. Clearly visible is the difference in expression of the marker across 

the different cell lines, SKBR3 having the highest expression and KG1a the lowest. 

 

Table 3.1: responses of all 44 markers obtained with flow cytometry (ABC) and SPRi cytometry (RU SPRi), the data is sorted from 

high expression (green colors) to low expression (red colors) (as determined by flow cytometry).  
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Quantification of cell surface marker by flow cytometry  

The geometrical mean values obtained with flow cytometry were used to determine the 

ABC value using the QuantiBRITE PE method. The ABC values represent the amount 

of antibodies that have been bound to a cell and the higher the value the higher the 

expression of the respective cell surface marker. The ABC output of flow cytometry and 

the CRT900 value of SPRi for each of the antibodies for the five cell lines were plotted 

against each other and shown in Figure 3-F. For the correlation determination only the 

markers with positive expression were used, markers that resulted in expression levels at 

or below the IgG PE control stain (for flow cytometry) or RU responses of 0 or below 0 

or responses lower or below the anti-IgG spot (for SPRi) were excluded in the correlation 

determination. The highest correlation was found for NCI H460 cells with an R2 of 0.91 

and the lowest correlation for SKBR3 with an R2 of 0.67 Combined correlation for all 

cell lines and markers was R2=0.76. The general trend of responses is largely similar 

when comparing flow cytometry and SPRi. ABC values for each cell line that are at or 

below the level of the unstained control are marked dark red and no expression was 

detected. The values between the unstained and IgG PE control sample are marked red 

and indicate very low or non-existent expression. Whereas all values that had recorded 

values higher than the IgG PE control sample were given gradually changing color shades 

as their expression increased (similar to what was done with the SPR values).  
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Figure 3.3A: Correlation plot of the positive markers for KG1a. Figure 3.3B: Correlation plot of the positive markers for MCF7. 

Figure 3.3C: Correlation plot of the positive markers for MG-63. Figure 3.3D: Correlation plot of the positive markers for NCI H460. 

Figure 3.3E: Correlation plot of the positive markers for SKBR3. Figure 3.3F: Combined correlation plot of all the positive markers 

of all the cell lines. 
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Discussion 

Previously we have reported that SPRi can be used to detect specific cell binding based 

on their cell surface marker expression [37]. Here we show that the SPRi platform is also 

suited for multiplex detection of cell surface markers, due to the ability of the IBIS MX96 

platform of printing up to 96 ligands (we used the capacity of 44) and subsequently 

tracking their binding to cell surface antigens simultaneously in real time. The results in 

table 1 and the correlation plots in figures 3A-3F demonstrate that antigen expression 

density is contained within the SPRi responses. The calculated expression levels (ABC 

values) show the differing amounts of cell surface antigens on the tested cell lines. The 

higher expressed markers are highlighted in green colors in table 1 whereas the lower or 

negatively expressed markers are highlighted in red. The same was done with the 

recorded SPRi responses, the higher responses are green and the lower ones are red.  

The general trend is comparable between the two techniques, the higher expressed 

markers (such as for instance CD44 and CD45 for KG1a; CD49f, EpCAM, CD49b, 

CD24, CD49c and HER2 for MCF7; CD44, CD49c, CD49e and CD227 for MG-63; 

CD227, CD44, CD56 and CD24 for NCI H460; CD24, HER2, EpCAM and CD227 for 

SKBR3) are correlating very well, whereas the low to intermediately expressed markers 

show a bit more deviation in their correlation, as can be seen in figure 3F. Particularly 

SKBR3 shows a relative high amount of deviation in the correlation of the data as the 

correlation of that cell line is the lowest. This can be explained by the lack of some SPRi 

markers in the analysis of the correlation, these markers (including CD261, CD140a and 

CD49f) were giving negative SPRi responses, even though they were low positive in flow 

cytometry. It is possible that the antibodies for these markers in the analysis of SKBR3 

during the SPRi experiments became detached from the sensor surface or experienced 

inefficiencies in their immobilization process resulting in a potential loss of function, 

however loss of function due to immobilization seems unlikely as another marker (CD44) 

which gives negative results with the SKBR3 cell line in the SPRi analysis worked very 

well with the other tested cell lines. Another possibility is that the low positivity of the 

mentioned markers in flow cytometry in fact was overexpressed background noise which 

was being perceived as a positive signal and therefore the markers should have no 

expression whatsoever (as is seen in SPRi).  

Lastly, as an explanation (though not very likely) we can imagine that the expression 

pattern of the SKBR3 cell line might change slightly from passage to passage, as both 

analysis techniques used the same cell line but from a different passage, it is therefore 
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possible that the cell line changed some of its cell surface expression markers. The SPRi 

data seems to show a deviation that leans towards higher positivity of the markers 

compared to the flow cytometry determined expression, it therefore seems that the low to 

medium expressed markers are better detectable using SPRi. This could possibly be due 

to the fact that lower expressed markers are more difficult to quantify with flow cytometry 

and are therefore lower than what they should be. Especially considering the relative high 

background signal detected from the IgG PE control in some of the cell lines (such as 

KG1a, MG63 and SKBR3).  

The main advantage of using SPRi for analyzing cell surface markers, the way we 

describe here, is the fact that all cells are analyzed almost directly from their culture flask. 

No fixation of any kind is needed as the cells remain alive throughout the entire analysis. 

And also the cells can be analyzed within minutes of harvesting. Which is not the case in 

flow cytometry. The time which is needed to obtain results is also in favor of SPRi. From 

flowing the cells over the sensor surface and getting the sensorgrams (for 44 parameters 

and one cell line) takes only approximately 20 minutes. While full sensor preparation and 

obtaining final sensorgrams takes approximately 1 hour and 45 minutes (for 44 

parameters and one cell line.). In order to obtain 44 parameter results using flow 

cytometry would take an averagely skilled operator much longer, depending on the 

available flow cytometry instrumentation it can even take up to a full day of work (not 

including data interpretation).  

The biggest drawbacks of quantifying cell surface marker expression using SPRi is that 

SPRi as of yet is not capable to perform the analysis at the single cell level, as the SPRi 

signals are measured over the complete ligand covered spot and not only on the position 

at which the individual cells are located. Improvement in the images obtained with the 

camera to locate the exact position of the cells and software to only report the SPRi signals 

obtained from the cell locations can overcome these limitations.   

Another drawback is the relative large amount of cells that are needed compared to flow 

cytometry to perform a robust analysis as a relatively large area on the sensor is not 

covered by ligands and is therefore not used, considering the settings used for this 

measurement the IBIS MX96 uses analysis ROI’s that are 100 x 100 pixels in size 

(approximately 0.3 mm2). The total sensor surface that is tracked by the IBIS MX96 is 

58.1 mm2. The setup that we used here can analyze up to 48 parameters which would 

total to a surface of (0.3 x 48) approximately 14.5 mm2. This means that the entire sensor 

has a wasted surface of (58.1 – 14.5) 43.6 mm2. Currently the cell sample covers the 
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entire sensor surface, this means also the surface that is not covered in ligand, and 

therefore these cells are wasted. Bringing the number of wasted cells down by diluting 

the sample however might have as a consequence that the obtained sensor signal is not 

robust enough due to a to low number of cells on the analysis spots. This can be overcome 

by the design of a microfluidic configuration that brings the cells to the specific sensor 

spots.  

The linearity of the SPR-dip shift and the amount of the response detected by the IBIS 

MX96 is of great importance for the quantitative analysis of cell surface markers. 

Additionally, the SPRi output is given in the value RU which is a correlated value for the 

number of surface markers whereas flow cytometry can be calibrated by for example 

QuantiBRITE® beads to arrive at an absolute defined number of surface markers 

expressed by each cell. Such standards can also be made for SPRi however there are some 

potential problems preventing this. Every cell line behaves differently on top of the sensor 

surface as it binds to its recognized ligands, therefore the recorded responses will differ 

as well, because of this it is difficult to create an alternative output of SPR which no 

longer gives RU values but immediately represents the approximate number of cell 

surface markers present on a cell line. This can be achieved by creating and calibrating 

specific outputs per cell line and using those in the future when a cell line would be 

retested for the presence of a marker. We think that this is not a big issue. In cancer 

treatment research much more value is given to the relative expression levels rather than 

exact amounts of cell surface antigens, meaning that pharmaceutical companies and 

research institutes that develop potential therapeutic antibodies want to the know on 

which cell surface marker to base their product on. This means that any highly expressed 

marker could be potentially of interest, their exact amount of expression however is less 

relevant.  

Though having 42 markers analyzed simultaneously is already a very high number, it is 

conceivable that in the future even higher levels of multiplexity might be required. For 

this our proposed method can be easily expanded to accommodate this desire. The IBIS 

MX96 platform already is capable out of the box to follow 96 parameters simultaneously 

and the Wasatch CFM spotter can print the same number of ligands when double sided 

printing is employed. Even higher numbers of markers could be printed when the CFM 

printer and print head would be scaled accordingly and as for the MX96 its software 

presently can already follow several hundreds (>300) of ROIs without major problems. 

Another benefit of this technique is that sensor surfaces can be customized according to 
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customer wishes and specifications and then sold pre-spotted by surfacing companies 

(such as in our case was Ssens bv), this way customers would have to do very little 

preparatory work and have even faster results.  

We believe that using SPRi offers unique advantages over flow cytometry with regards 

to cell surface marker analysis: it is a relatively simple technique that is easy to learn and 

operate, it uses comparatively inexpensive unconjugated antibodies (when compared to 

the conjugated equivalents used in flow cytometry), it uses live cells which can be tracked 

in real-time [37, 39, 40], it offers the possibility of multi-parameter analysis in a very 

short time frame and its output gives a good impression of the amount of a cell surface 

marker present on a cell surface. 

 

Conclusion 

In this study we have shown that SPRi is a suitable technique for rapid multiplex analysis 

of cell surface marker expression levels. We analyzed KG1a, MCF7, MG63, NCI H460 

and SKBR3 cells for their expression levels of 44 cell surface markers.  Data acquired 

using SPRi correlates well with the golden standard flow cytometry based technique for 

cell surface marker quantification (QuantiBRITE®). The determined correlations (R2) of 

all positive markers in order from high to low were: 0.91 (NCI H460), 0.89 (MG63), 0.82 

(MCF7), 0.79 (KG1a) and 0.67 (SKBR3). Combined correlation of all positive markers 

across all cell lines was determined to be 0.76. The data shows that not only is SPRi 

capable of analyzing cell surface marker expression on living cells in multiplex fashion, 

but to our knowledge, for the first time we show that SPRi output also contains 

information about the expression levels of these cell surface markers. SPRi is able to 

provide the data in less than 20 minutes (analysis time) as opposed to measuring all the 

markers separately as is done usually in flow cytometry, which would take much longer. 
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4 DETECTION OF APOPTOSIS IN 

CANCER CELL LINES USING 

SURFACE PLASMON 

RESONANCE IMAGING 

 

Abstract 

Induction of apoptosis in cancer cells by therapeutic agents is an important event to detect 

the potential effectiveness of therapies. Here we explore the potential of Surface Plasmon 

Resonance imaging (SPRi) to assess apoptosis in cancer cells exposed to therapeutic 

agents by measuring the cytochrome C release of apoptotic cells. Spots on the SPR sensor 

were coated with anti-cytochrome C, anti-EpCAM, anti-CD49e monoclonal antibodies 

and combinations thereof. Cells from the breast cancer cell line MCF7 were introduced 

into a flow cell, captured on a sensor surface and exposed to culture medium with and 

without paclitaxel. The cells were followed for 72 h. Clear SPRi responses were observed 

on the anti-EpCAM coated spots, indicating binding of the MCF7 cells with strong time 

and drug presence dependent increases in SPRi responses on the spots coated with both 

anti-EpCAM as well as anti-cytochrome C. This suggests a release of cytochrome C by 

the MCF7 cells in these specific locations. In addition offline experiments were 

performed where cultured MCF7 cells were exposed to complete culture medium with 

paclitaxel, Trastuzumab antibody and Trastuzumab T-DM1 (an antibody drug conjugate). 

The supernatant of these cells was analyzed and also their drug concentration dependent 
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cytochrome C presence was detected. These preliminary results suggest SPRi to be a 

unique tool to measure real time response of cancer cells exposed to drugs or drug 

combinations. 

 

Introduction 

Surface Plasmon Resonance imaging (SPRi) can be used to measure the expression of 

antigens on the cell surface and antigens or proteins secreted by cells [37] and [39]. In 

recent years a larger number of potential therapeutic agents were identified of which only 

few entered into the clinic and even fewer showed therapeutic efficacy with a tolerable 

toxicity profile. All drugs have in common that they ultimately have to kill the cancer 

cells. These cells will undergo a process baptized apoptosis and during this process 

specific alterations in the cells take place. Measurement of apoptosis in cancer cells can 

therefore be used to screen the effectiveness of potential therapeutic agents on cancer cell 

lines with properties that can be related to the cancers to be treated [41] or to measure the 

response to therapy in patients [42].  

A number of different compounds are excreted during apoptosis and one such compound 

is cytochrome C. Cytochrome C is a so called hemoprotein that is associated with the 

inner membrane of the mitochondrion where it is part of the electron transport chain [43]. 

Under normal conditions cytochrome C is bound to cardiolipin in the inner mitochondrial 

membrane. This prevents the initiation of apoptosis. Cytochrome C can become detached 

from cardiolipin in early apoptosis by its oxidization due to the production of 

mitochondrial reactive oxygen species. Cytochrome C plays an intermediary role in early 

apoptosis and upon release into the cytoplasm it binds apoptotic protease activating 

factor-1 (Apaf-1) and activates caspase 9 [44], which in term starts a cascade of events 

with apoptosis as the end result.  

As cytochrome C is highly water soluble it can easily dissolve into the cytoplasm and 

disperse throughout the cell. As apoptosis progresses cytochrome C will inevitably also 

leak from the cell. This makes the detection by SPR possible. A variety of methods are 

described and are commercially available. Characteristics of apoptosis such as cell loss, 

nuclear morphology, DNA content, cell membrane permeability, mitochondrial 

membrane potential changes and cytochrome C localization and release are measured. 

However in order to detect all of these characteristics a number of components are mixed 

together in a complex and laborious protocol.  
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Measurements of apoptosis are usually end point measurements and cells cannot be 

followed in real time. The most commonly used techniques to measure apoptosis are 

microscopy and flow cytometry [45-53]. Though robust and specific, these methods have 

their own unique challenges and downsides. SPR can be a potential alternative technique 

to study apoptosis.  

Previously it was shown that SPR can be used to detect apoptosis-associated genes [54], 

but this was not done using a cell sample. In a different study cells were brought into 

apoptosis and their morphological changes were monitored using SPR [9]. Here we 

explored if SPR can be used to detect early apoptosis by measurement of the apoptosis 

marker cytochrome C excreted in cell supernatants either by collecting the supernatant 

after exposure to different drugs added at different concentrations or by measuring the 

response of viable cells that were captured and exposed to drugs in real time in the SPRi 

instrument. In our experiments we used a cytostatic compound (Paclitaxel) a therapeutic 

antibody (Trastuzumab) and an antibody drug conjugate (ADC) (Trastuzumab T-DM1), 

available commercially as Herceptin® and Kadcyla® respectively from Genentech inc., 

South San Francisco, California, USA. Detecting early apoptosis using SPR would enable 

rapid therapy screening using live cells which would further contribute towards the 

development of personalized cancer therapy. 

 

Materials and methods 

SPRi 

For SPRi analysis an IBIS MX96 SPR imager was used (IBIS Technologies BV, 

Enschede, The Netherlands). The height of the flow cell was 300 μm enabling a 

homogeneous injection of cells and cell medium. The obtained homogenous cell sample 

injection and larger volume of culture medium improve the cell viability over time. 

 

CFM spotter 

For ligand immobilization on SPR sensor surfaces the Continuous Flow Microfluidic 

(CFM) spotter was used (Wasatch Microfluidics LLC, Salt Lake City, Utah, USA)[29]. 

Ligand immobilization buffer was used to prime the CFM system and to dilute the desired 

ligands. The immobilization protocol lasted 30 min. The CFM spotter with a 6 × 8 print 

head configuration is capable of spotting up to 48 different ligands onto the sensor in a 
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single run simultaneously under back and forth confined flow. The confined back and 

forth flow increases the efficiency of the spotting and avoids the risk of evaporation for 

contact and non-contact droplet based spotting methods. 

 

SPR sensors 

Easy2Spot® pre-activated G-type Senseye® sensors (Ssens BV, Enschede, The 

Netherlands) were used as SPR sensor surfaces. The sensors are delivered with a 100 nm 

hydrogel-like layer. This enables higher capacity coupling of ligands in the evanescent 

field and gives the ligands a level of mobility. The sensors are pre-activated for easy 

immobilization without using an additional EDC–NHS activation protocol. 

 

Antibodies 

Anti-cytochrome C (Biolegend inc., San Diego, California, United States of America) 

was used to capture cytochrome C, which is excreted by the cells when they are 

undergoing apoptosis. Anti-Epithelial Cell Adhesion Molecule antibody (anti-EpCAM, 

VU1D9) and Human epidermal growth factor receptor 2 antibody (anti-Her2) (both 

kindly provided by Immunicon, Huntingdon Valley, Philadelphia, USA) were used to 

capture cells based on their cell surface molecule expression. Anti-CD49e (BioLegend, 

San Diego, California, USA) was used as a negative control as MCF7 cells do not express 

this marker on their cell surface. Antibody Immunoglobulin G fragment crystallizable 

region (Anti-mouse IgG Fc) (BioLegend, San Diego, California, USA) was used to 

capture all antibodies present in the sample. 

 

Apoptosis inducing agents 

To induce apoptosis, paclitaxel (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 

the therapeutic antibody Trastuzumab and the ADC Trastuzumab T-DM1 (kindly 

provided by Dennis Waalboer at the VU Amsterdam, The Netherlands) were used. 

 

Ligand immobilization buffer 

A 10 mM solution of sodium acetate (NaAc) immobilization buffer with pH 4.5 was 

made using anhydrous sodium acetate (Sigma-Aldrich Chemie GmbH, Steinheim, 
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Germany) and acetic acid (Merck Schuchardt OHG, Hohenbrunn, Germany). First a 

0.2 M stock solution was made of both components. Then from these stock solutions 1.93 

parts of sodium acetate and 3.07 parts of acetic acid were mixed and finally 95 parts of 

ultrapure demineralized water were added. The pH was checked and if needed adjusted 

to pH 4.5. 

 

System buffer 

As system buffer the complete cell culture medium of the MCF7 cell line which was 

being analyzed was used, unless otherwise noted in the experiment description. 

 

Cells 

The cell line that was used for the experiments was the breast cancer cell line MCF7. 

MCF7 is an adherent cell line. To harvest MCF7 cells a trypsin protocol was used and 

the cells were resuspended in complete culture medium (RPMI 1640 + 10% fetal calf 

serum + 1% penicillin streptomycin + 1% l-Glutamine). RPMI 1640 was purchased from 

Lonza Group Ltd., Basel, Switzerland. Fetal calf serum and penicillin streptomycin were 

purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. 

 

Sensor deactivation agent 

A 1% Bovine Serum Albumin solution (BSA) (Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany) in sodium acetate immobilization buffer was used as a deactivation 

agent. A stock solution of 2-aminoethanol (MP Biomedicals LLC, Illkrich, France) was 

used to create a 100 mM 2-aminoethanol solution with a pH of 8 and used as an extra 

sensor deactivation step after the initial BSA deactivation. 

 

Sensor regeneration agent 

As sensor regeneration agent a 200 mM solution of H3PO4 (Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany) was used. Sensor regeneration was performed for 1 min. 

 

Detection of cytochrome C in supernatant samples of cultures treated with paclitaxel 
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To investigate if SPR is capable of detecting cytochrome C in culture supernatant, several 

flasks of MCF7 were cultured with various amounts of apoptosis inducing paclitaxel. One 

flask was without any addition of paclitaxel, the second had 1.5 μl (100 nM) of paclitaxel, 

the third had 3.0 μl (200 nM) and the last one had 6.0 μl (400 nM) added to 15 ml of 

complete culture medium respectively. The flasks with added paclitaxel were first 

cultured to 80–100% confluence before the compound was added by a medium refresh. 

After the addition of the drugs, the flasks were cultured for another 48 h at 37 °C and 5% 

CO2. After these 2 days supernatants were removed from the flasks. An SPR sensor was 

prepared with varying spots containing: anti-cytochrome C (using a spotting solution of 

20 μg/ml antibody in ligand immobilization buffer), anti-EpCAM as a negative control 

(using a spotting solution of 10 μg/ml antibody in ligand immobilization buffer) and a 

spot only exposed to ligand immobilization buffer. After sensor spotting, the surface was 

loaded into the IBIS MX96 and deactivated with BSA and ethanolamine (see deactivation 

agent). The program to run the IBIS MX96 used association times of 45 min per sample 

and after each sample the surface was regenerated with phosphoric acid. 

 

Detection of cytochrome C in supernatant samples of cultures treated with paclitaxel, 

Trastuzumab and Trastuzumab T-DM1 

In these experiments we wanted to verify if apoptosis markers can be detected in the 

supernatant of cell samples that were treated with Trastuzumab T-DM1 (an anti-Her2 

based ADC with an apoptosis inducing chemical, called emtansin, attached to it), a 

therapeutic antibody developed for treatment of cancers that express Her2. The chemical 

compound T-DM1 is delivered to the Her2 expressing tumor cells by binding of the Her2 

antibody to the cell surface after which the attached chemical molecule is introduced to 

the cell. For this experiment MCF7 cells were similarly prepared as for the paclitaxel 

experiments, however in addition to paclitaxel (3.0 and 6.0 μl, which is 200 and 400 nM 

respectively, in 15 ml of complete medium) Trastuzumab with and without T-DM1 was 

used as an apoptosis inducing compound. The recommended concentration for inducing 

apoptosis in a Her2 expressing cell line using the T-DM1 ADC was 100 nM, as such this 

concentration was used for both the T-DM1 ADC and plain variant of Trastuzumab 

(lacking the T-DM1). All samples were cultured for 48 h after the addition of the 

apoptotic agents. An SPR sensor was prepared with anti-cytochrome C immobilized on 

its surface, with a concentration of 10 μg/ml. In addition a negative control surface that 

was only exposed to the immobilization buffer was used.  
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The IBIS MX96 was programmed with an association time of 45 min and dissociation 

time of 10 min each. After each of the samples the surface was regenerated. 

 

Real-time detection of induction of apoptosis in cell cultures exposed to paclitaxel 

To evaluate if SPRi can be used to detect apoptosis in real-time a sensor was prepared 

with anti-cytochrome C spots (10 μg/ml), anti-EpCAM spots (10 μg/ml), anti-CD49e 

spots (10 μg/ml) and an anti-EpCAM/anti-Cytochrome C spot (10 μg/ml in a 50/50 ratio). 

The anti-CD49e spot is used as a negative control as MCF7 cells express very low levels 

(if any at all) of CD49e. The mix spot intended to capture the MCF7 cells based on their 

EpCAM expression. Subsequently the mix spot was intended to follow the anticipated 

apoptosis process after complete medium containing paclitaxel was introduced to the 

captured cells. MCF7 cells were harvested from their culture flask and prepared to reach 

a final cell concentration of 1.8 × 106/ml. The cells were allowed to sediment and bind 

to the sensor surface for 30 min. After this initial cell binding the unbound cells were 

washed off and complete culture medium containing paclitaxel was flushed over the 

sensor surface. The flow cell temperature was kept at 37 °C throughout the experiment 

and the process was followed for 72 h. The same was done for an identical separate 

sensor, however on this sensor the cells were not exposed to paclitaxel, but merely to 

complete culture medium. 

 

Results 

Detection of cytochrome C in supernatant samples of cultures treated with paclitaxel 

The sensorgram of this experiment is shown in figure 1. The anti-cytochrome C spot 

(green line) shows an increasingly higher interaction response with increasing doses of 

paclitaxel used in the cell medium. The anti-EpCAM spot shows consistent responses, 

with a slight decrease in intensity for each subsequent interaction. The blank sensor 

surface spot shows no interaction whatsoever with any sample, indicating that the sensor 

surface by itself does not exhibit non-specific background interactions with any of the 

compounds in the samples. 
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Figure 4.1: Sensorgram showing interactions of cell culture supernatant samples treated with various concentrations of paclitaxel. The 

response of the anti-cytochrome C spot increases as the concentration of paclitaxel that was used in the samples is increased. 

 

Detection of cytochrome C in supernatant samples of cultures treated with paclitaxel, 

Trastuzumab and Trastuzumab T-DM1 

Figure 2 shows the sensorgrams of supernatants of cell suspensions exposed to paclitaxel, 

Trastuzumab or Trastuzumab T-DM1. An anti-cytochrome C spot of 10 μg/ml (green 

line) was used in this experiment. In order to be able to study the apoptotic effect of the 

used compounds better a data processing method “blank subtraction” was used, which is 

sometimes referred to as double referencing in the SPR realm. In essence, this means that 

the RU values of a negative sample are subtracted from each of the subsequent 

(presumably positive) samples, which were already referenced using a negative control 

surface. This way any background or non-specific signals are removed from the resulting 

output and only the cleaned up specific differential signal remains. The first sample which 

had no apoptosis inducing compounds added to the medium during culture was used as 

the blank subtraction sample, and therefore this differential signal is zero. The samples 

treated with paclitaxel show more intense interactions on the anti-cytochrome C spot 

similar to those observed in figure 1. The sample with Trastuzumab lacking the T-DM1 

only showed a small differential signal as compared to the control sample whereas the 

differential response of the sample with Trastuzumab T-DMI showed a similar response 
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as the paclitaxel treated samples. These results indicate the presence and release of 

cytochrome C in the culture medium of MCF7 cells, which increases after the cells are 

exposed to Trastuzumab, Trastuzumab T-DM1 or paclitaxel suggesting an increase in 

apoptosis. The blank sensor surface (purple line) shows no differential signal. The 

cytochrome C spots show a slight bulk shift when association and dissociation is initiated. 

This is due to the refractive index differences between the sample and the system buffer. 

 

Figure 4.2: Double referenced sensorgram showing the effect of paclitaxel and Trastuzumab with and without T-DM1 on the excretion 

of cytochrome C by MCF7 cells. The first negative control sample with no apoptosis inducing agents was used for blank subtraction. 

The differential responses increase when paclitaxel, Trastuzumab and the T-DM1 ADC were used. The responses of the T-DM1 ADC 

and paclitaxel are larger, implying an increase in apoptosis in these cell samples. 

 

Real-time detection of induction of apoptosis in cell cultures exposed to paclitaxel 

Figure 3 shows the SPRi response of cells captured on an SPRi sensor and subsequently 

exposed to paclitaxel. No response is observed on the spots coated with anti-CD49e, anti-

cytochrome C or coupling buffer. This indicates that MCF7 cells do not bind to these 

spots and therefore no cytochrome C release can be detected. The anti-EpCAM spot 

shows a rapid response that remains relatively constant over a period of 60 h. This 

demonstrates binding and continuous interaction of the MCF7 cells to the anti-EpCAM 

present on the spot.  
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The largest response is observed on the anti-EpCAM/anti-cytochrome C mix spot 

showing an almost immediate drastic increase in RU after the bound cells were exposed 

to complete culture medium containing paclitaxel. After ~ 18 h of exposure to paclitaxel 

a sudden increase can be seen in the sensorgram that reaches a peak at ~ 21 h after which 

it slowly decreases to a level close to that observed for the anti-EpCAM spot. 

 

Figure 4.3: Sensorgram showing a real-time detection of apoptosis in cells exposed to paclitaxel. At t = 0 bound cells are exposed to 

complete culture medium containing paclitaxel. The anti-EpCAM/anti-cytochrome C mix spot shows the highest response indicating 

that cytochrome C is actively excreted by the cells and is being bound on the surface. Insert A shows the SPR reflectivity image of 

MCF7 cells at the beginning of their exposure to paclitaxel, insert B shows the cells at the end of the experiment and insert C shows 

the differential image of inserts A and B. 

 

Figure 4 shows a different passage of MCF7 cells that were followed similarly, however 

here the cells were only exposed to complete culture medium that did not contain 

paclitaxel. Similar to the experiment illustrated in figure 3 no response is observed on the 

spots coated with anti-CD49e, anti-cytochrome C or coupling buffer. The SPRi response 

of the anti-EpCAM/anti-cytochrome C spot showed an immediate increase, the slope of 

this response decreased after ~ 42 h and was lower as compared to the anti-EpCAM spot 

after this time. The SPRi response of the anti-EpCAM spot only started after ~ 4 h with 

a similar slope as the anti-EpCAM/anti-cytochrome C spot also here after ~ 42 h the slope 

decreased but to a lesser extent as compared to the mixed spot. We have previously 



SPRi Cytometry 

58  Ivan Stojanović - October 2016 

described this phenomenon and contributed it to cells that keep interacting with the 

surface and their adherent nature, which contributes to the continuously increasing 

signal [37]. 

 

Figure 4.4: Sensorgram showing a measurement of MCF7 cells that were exposed to culture medium without paclitaxel on spots 

coated with coupling buffer (purple line), anti-CD49e (yellow line), anti-cytochrome C (green line), anti-EpCAM (red line) and a mix 

of anti-EpCAM and anti-cytochrome C (light green line). The cells show similar responses on both the anti-EpCAM and the anti-

EpCAM/anti-cytochrome C mix spot, indicating that the interaction seen here is a continuation of their binding interaction with the 

ligands immobilized on the sensor surface and there is no detection of apoptosis related cytochrome C. 

 

Discussion 

We explored whether SPRi could be used to follow apoptosis of cells by measuring the 

cytochrome C release as a progression marker of the apoptotic process. Before conducting 

real time cell measurements we harvested the culture medium of MCF7 cells exposed for 

two days to different concentrations of paclitaxel and showed an SPRi response on anti-

cytochrome C spots. Cytochrome C was detected in cells not exposed to paclitaxel 

indicating the natural apoptosis of cells in culture and with increasing doses of paclitaxel 

Cytochrome C release increased (see figure 1). Unexpectedly SPRi responses were also 

observed on anti-EpCAM spots that were intended as negative controls. As MCF7 

expresses EpCAM on their cell surface a possible explanation for the interactions could 

be that during the apoptosis process the MCF7 cells excreted vesicles in the supernatant. 

These vesicles have the potential to express similar markers as its cell of origin, but also 



SPRi Cytometry 

Ivan Stojanović - October 2016   59 

have the capability to be distinct from their origin [55] and therefore can be the reason 

for the interactions seen on the EpCAM spots. To exclude nonspecific binding a separate 

experiment was conducted in which no cells were added to the RPMI 1640 complete 

culture medium with paclitaxel (data not shown). Except for a large bulk refractive index 

shift in the raw data, no interaction was detected, indicating that the presence of the MCF7 

cells during culture was responsible for the SPRi response obtained from the supernatant. 

This further strengthens our conclusion that indeed we are detecting the apoptosis specific 

cytochrome C high response values up to 14,000 RU as well as EpCAM but the SPRi 

responses of the latter did not increase with increasing concentrations of paclitaxel. 

To assess whether cytochrome C release could also be detected in the supernatant of cells 

exposed to different therapeutic agents, the MCF7 cells expressing Her2 were treated 

with drugs targeting this receptor (Trastuzumab with and without T-DM1). The responses 

shown in figure 2 show similarities with the responses observed in figure 1. Again the 

paclitaxel treated samples show increased interaction levels with the anti-cytochrome C 

spots. The sample treated with Trastuzumab without the T-DM1 conjugate shows a lower 

interaction level. This might be explained by the action of Trastuzumab, when it binds to 

the HER2 expressing cell, it reduces cancer cell proliferation by arresting the cells in the 

G1 phase of the cell cycle. The T-DM1 ADC showed increased interaction levels just like 

the paclitaxel sample. This shows that we can indeed observe a difference between the 

Trastuzumab ADC with added therapeutic/cell toxic component emtansin (T-DM1) and 

Trastuzumab without such a component. The SPR sensorgrams imply that indeed we can 

see a difference in the quantitative cytochrome C response and that using this principle it 

might be possible to study therapeutic alternatives and their effectiveness.  

However, if we want to use the SPRi platform as a way to analyze effects of therapeutics 

directly on the cells, the cells and excreted products should be followed in real time during 

exposure to the drugs. This was performed in the experiments illustrated in figure 

3 and figure 4. Here we immobilized anti-CD49e, anti-cytochrome C, anti-EpCAM and 

anti-EpCAM/cytochrome C on the sensor surface. The mix anti-EpCAM/cytochrome C 

spots can capture the MCF7 cells on the SPRi sensor as these cells have EpCAM 

expression as described earlier [37]. The anti-cytochrome C part of the mix spot was 

intended to detect release of cytochrome C from the cells that would progress into 

apoptosis. Figure 3 indeed shows a great difference in responses between the spots. The 

largest and most obvious response up to levels of 14,000 RU indeed comes from the anti-

EpCAM/cytochrome C mix spots after the medium with paclitaxel was added.  
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In addition a peak is seen at around 25 h after paclitaxel addition. One explanation is that 

the cells around this time point massively release cytochrome C. Afterwards there is a 

decrease in intensity visible, which may be explained by the start of the disintegration of 

the cells, which detach from the sensor surface and the cytochrome C that possibly 

dissociates from the mix spots into the medium.  

A decrease is also seen on the anti-EpCAM spot but to a lesser extent. The intensities in 

signal are also remarkably different, the mix spot in figure 3 shows a much higher 

response compared to the anti-EpCAM spot. Already after about 1 h considerable 

intensity differences of several thousands of RU between the 2 spots can be seen. Insert 

A of figure 3 shows the MCF7 cells at the beginning of their exposure to paclitaxel, insert 

B shows the cells at the end of the experiment and insert C shows the differential image 

of inserts A and B. It is clearly visible that in insert C the cells have underwent 

morphological changes and seemingly binding of some sort has occurred adjacent to 

them. Based on the sensorgrams we assume the slight halos around the cells to be 

cytochrome C that was excreted throughout the experiment, we have previously described 

a similar “halo effect” [39]. In the control experiment seen in figure 4 the anti-EpCAM 

and mix spots remain largely similar throughout the experiment.  

This real time experiment could in the future be used to screen potential therapeutic 

agents on live cells and follow the process to see if they can induce apoptosis. The control 

experiment shown in figure 4, was done in order to see what would happen with the same 

cells (MCF7 of a different passage) when they are not stimulated to go into apoptosis. 

This shows that cells merely continuously interact with their ligands on the sensor surface 

but to a lesser extent up to 1000 RU after 40 h, a phenomenon we also described 

previously [37]. We assume that on top of the interaction with the ligands on the sensor 

surface the cells also exhibit their adherent properties. As they are being monitored using 

complete culture medium as a system buffer and at a temperature of 37 °C, the cells are 

most likely spreading generating higher SPR-signals while they are bound to the sensor 

surface. Cell-spreading is a behavior they also exhibit in culture flasks. Responses of the 

anti-EpCAM and the anti-EpCAM/anti-cytochrome C mix spots seem similar and 

therefore no apoptosis was detected, which agrees with the intended circumstances of the 

assay. In addition in both figure 3 and figure 4 the negative control spots (anti-CD49e, 

anti-cytochrome C and coupling buffer) show no interaction whatsoever as opposed 

to figure 1, where the anti-CD49e spot shows a small interaction. Earlier in the discussion 

we already mentioned that in the supernatant sample vesicles might have been present 
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explaining the interactions seen in figure 1. These interactions did not occur in figure 

3 and figure 4 as the cells that were bound locally on the mix and anti-EpCAM spots were 

too few in number to cause the sample to become saturated with vesicles and if any 

vesicles were formed they would have (re)bound locally after formation on the mix and 

anti-EpCAM spots. 

 

Conclusion 

SPRi can be used to detect apoptosis through measurement of cytochrome C excretion. 

This was achieved through binding of cytochrome C to an SPR sensor coated with 

antibodies recognizing cytochrome C. Experiments were conducted with supernatants of 

cells of the MCF7 breast cancer cell line exposed to cell culture medium with or without 

paclitaxel, Trastuzumab or Trastuzumab T-DM1 that were introduced in the SPRi 

instrument. The largest SPRi responses were observed on spots coated with anti-

cytochrome C indicating that Cytochrome C release is a relevant biomarker of apoptosis 

progression. In addition, living MCF7 cells were introduced into the SPRi instrument and 

exposed to cell culture medium with or without paclitaxel and high SPRi responses were 

observed on the anti-EpCAM and anti-EpCAM/anti-cytochrome C coated spots, 

demonstrating that the apoptotic process can be monitored in real-time and without the 

use of traditional fluorescent labels or stains. 
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5 MULTIPLEX DETECTION OF 

EXTRACELLULAR VESICLES 

USING SURFACE PLASMON 

RESONANCE IMAGING 
 

 

 

Abstract 

Identification, enumeration and characterization of extracellular vesicles (EV) is 

hampered by their small size, low refractive index and low antigen density. In this chapter 

we report the potential of a 11-plex surface plasmon resonance imaging (SPRi) based 

analysis system for EV characterization. Expression of eleven different antigens were 

measured on EV and cells from three different breast cancer cell lines (HS578T, MCF7, 

SKBR3) by SPRi and flow cytometry (FCM). For SPRi antibodies were immobilized on 

the sensor surface and for FCM phycoerythrin labeled antibodies of the same clones were 

used. Using SPRi, 27 of 33 EV antibody combinations showed expression of the antigens 

while FCM detected only 7 of 33. In all cases in which FCM detected antigen expression 

SPRi also detected antigen expression.  A correlation between SPRi and FCM could only 

be determined for HS578T derived EV (R2=0.65) due to the limited number of antigens 

that were detected on the EV by FCM. Antigen detection by FCM on EV was hindered 

by relatively large signals on blanks and isotype controls. In contrast, SPRi responses for 
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the different antibodies differed five times the standard deviation from the isotype 

controls (p<1∙108), indicating that positive SPRi responses were based on specific 

antibody-antigen interactions. Antigen expression by SPRi and FCM on the parental cell 

lines also correlated well (R2
HS578T = 0.77, R2

MCF7 = 0.49 and R2
SKBR3 = 0.52). In summary 

we demonstrate that using SPRi we can detect expression of antigens on EV where FCM 

cannot. FCM detects however antigens at the single event level whereas SPRi measures 

the antigen expression of all EV binding to the sensor surface. 

 

Introduction 

Extracellular vesicles (EV) are particles of a cellular origin, which consist of a lipid 

bilayer shell and a cargo or payload of proteins, and possibly RNA or DNA. EV are 

present in all bodily fluids with concentrations of up to 1010 /mL and have typical sizes 

of 30 to 1,000 nm [56-58]. The EV research field is currently growing exponentially [59] 

due to their great promise as biomarkers in a variety of diseases [60-63]. 

The size of EV implies that their measurable properties occupy the middle ground 

between biomolecules and cells. Detection of EV typically occurs with techniques 

originally designed for detection of either biomolecules or cells. Compared to 

biomolecules, EV are present in sub-picomolar concentrations, have a typical mass near 

of around a gigadalton, and diffuse 10 to 100 times slower than the largest blood plasma 

molecule, the von Willebrand factor [64]. Compared to cells, EV are 100 to 1,000 fold 

smaller and occupy a tiny volume (concentration difference of EV versus cells is ~10-6 

v/v). Although the application of techniques for analysis of biomolecules or cells has 

proven useful for EV research, they are severely impeded by these property differences 

between EV and biomolecules or cells [65]. 

Current technological limitations for EV detection and analysis need to be overcome, 

either by improving the sensitivity of currently applied techniques such as flow cytometry 

(FCM) [66, 67], or by exploring new techniques. SPRi is one such new technique that has 

recently been demonstrated by different research groups and its ability to detect antigens 

on the outside surface of EV [68-71]. This technique has its origin in (bio-)molecule 

analysis [72], but has recently been applied to detection of antigens expressed on cells 

and EV [38]. In this chapter, we investigate the suitability of surface plasmon resonance 

imaging (SPRi) for antigen characterization on EV. 
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Materials and methods 

Model cells and EV 

Three different breast cancer cell lines (HS578T, MCF7 and SKBR3) and EV derived 

from these cells were used as model samples. Cell lines were cultured at 37°C and 5% 

CO2 in Dulbecco’s modified Eagle medium, RPMI (both from Thermo Fischer Scientific, 

Waltham, MA, United States of America) and McCoy’s 5A medium (Sigma Aldrich, St. 

Louis, MO, United States of America), respectively. All media were supplemented with 

10% fetal calf serum (FCS), and contained 2mM L-glutamine, 10 units/mL penicillin and 

10 μg/mL streptomycin (both from Thermo Fischer Scientific). Cells of one T75 culture 

flask (Corning incorporated, Corning, NY, United States of America) were divided in 

two culture flasks and grown till 80-90% confluence. Cells were obtained from the first 

culture flask with Accutase solution (Thermo Fischer Scientific) and washed for 10 

minutes at 180 g with phosphate buffered saline (PBS; 154 mM NaCl, 1.24 mM 

Na2HPO4, 0.2 mM NaH2PO4) supplemented with 1% FCS (PBS-FCS). Cells were kept 

on ice and analyzed on the day of harvesting. EV were obtained from the second culture 

flask with the process summarized in Fig. 1A. Cells were incubated in FCS-free medium 

with the cytostatic Paclitaxel (Selleckchem, Munich, Germany) to enhance EV release 

during 60 hours. The concentration of Paclitaxel was optimized to maximize cell death, 

yet minimize necrosis resulting in a concentration of 200 nM for HS578T, 100 nM for 

MCF7 and 50 nM for SKBR3 cells. Cells were removed by centrifugation (30 minutes at 

1,000 x g). Subsequently, the EV concentration was increased approximately 10-fold by 

pelleting twice (40 minutes at 18,000 x g) and the pellet was resuspended in 1.5 mL 0.05 

μm filtered PBS (Nucleopore, Whatman, Maidstone, UK). EV samples were kept at room 

temperature and analyzed on the day of preparation with techniques described below. 
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Figure 5.1: EV sample description. A) The protocol for EV sample preparation consists of 60 hours of incubation of cultured cells (i) 

with Paclitaxel (ii) and three subsequent centrifugation steps to remove large cell fragments (iii), exchange the culture medium with 

PBS and concentrate the EV (iv). B) Size distribution of HS578T-EV. C) Transmission electron microscopy image of HS578T-EV 

 

Concentration determination 

Cell concentrations were determined with a hemocytometer (Bürker, Germany) as 

described previously [73]. Currently to or knowledge, no technique exists which can 

accurately measure concentration of all EV due to their small size and broad size 

distribution [65]. To estimate the EV concentration, we performed resistive pulse sensing 

(RPS, qNano, Izon Science, Christchurch, New Zealand) with NP200, NP400 and NP800 

nanopores according to the procedure described elsewhere [74]. The sample was filtered 

with a 0.45 μm filter (Millex, Merck, Darmstadt, Germany) prior to analysis with the 

NP200 pore. The detection ranges were 60-810 nm for the NP200, 130-1,020 nm for the 

NP400 and 330-2,600 nm for the NP800 pore. To obtain a single particle size distribution, 

the three size distributions were joined together as described previously [65]. The size 

distribution obtained from HS578T-EV is shown as an example in Fig. 1B. Because the 

lower detection limit of the NP200 pore leads to underestimation of the concentration of 

EV with diameters below 140 nm [74], total EV concentrations were determined between 

150 and 1,000 nm. Because RPS does not distinguish between EV and other particles in 

the sample [74, 75], verification of EV presence in the samples was performed with 

transmission electron microscopy (TEM).   
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TEM 

In preparation of TEM imaging, sample fixation was done with 0.1% (v/v) 

paraformaldehyde (Merck, 0.22 μm filtered). Subsequently, 10 μl sample was placed on 

a 200-mesh formvar and carbon coated copper grid (Electron Microscopy Sciences, 

Hatfield, PA, United States of America) for 7 minutes, followed by negative staining with 

1.75% (w/v) uranyl acetate (Merck). The sample was imaged with a Tecnai-2 (Fei, 

Eindhoven, The Netherlands), an example TEM image of HS578T-EV is shown in Fig. 

1C. Representative images were taken from the EV samples of the three different cell 

lines and the number of EV were counted as a percentage of the total number of particles 

(>150 nm) in the images. 

 

Antibodies 

Eleven different target antigens were selected for cell measurements and their 

corresponding EV. Nine of the antigens were breast tumor related and known to be 

expressed on the cell surface of at least one of the three different breast tumor cell lines 

(CD44, CD49e, CD71, CD221, CD227, EGFR, EpCAM, Her2, Her3) [38]. The other 

two antigens were CD9 and CD63, both widely used in EV research [76]. Clone selection 

was based on commercial availability of a monoclonal antibody clone in an unconjugated 

and a phycoerythrin (PE) conjugated form for SPRi and FCM respectively (table 1). 

 

SPRi 

Surface plasmon resonance occurs when polarized light strikes an electrically conducting 

surface at the interface between two media [77]. Most of this light will be internally 

reflected, but some of the energy of the light is transformed into electron charge density 

waves along the surface called plasmons. Optimal plasmon generation and minimal 

reflection occurs at a specific angle of incidence, called the resonance angle or SPR angle 

[78]. This resonance angle depends on the refractive index (RI) of the medium in the 

evanescent field above the surface. The evanescent field is the sensing area of SPRi and 

has an exponential decay (decay constant at approximately 1/110 nm-1) from the surface. 

In the SPRi apparatus used in this series of experiments (MX96, IBIS bv, Enschede, the 

Netherlands), the resonance angle is monitored over time by measuring the angle of 
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minimal internal reflection with a 1600 x 1200 pixel CCD camera (7.8 x 4.7 mm detection 

surface). An SPRi signal change of one resonance unit (RU) corresponds to a change in 

average RIU of 10-6, or a ~10-4 degree change in resonance angle.   

 

SPR Sensors 

The sensor surface (G-type Easy2spot SensEye, Ssens bv, Enschede, the Netherlands) is 

coated with a conducting gold layer and a ~100nm thick hydrogel-like layer to reduce 

nonspecific binding and RIU changes due to sedimented material. As the sensors are pre-

activated they do not require prior activation by the end user.  

 

Ligand immobilization 

A microfluidic printer (Continous Flow Microfluidic CFM spotter 2.0, Wasatch 

Microfluidics, Salt Lake City, UT, United States of America) was used to print 0.8 x 0.5 

mm antibody spots on the surface of the sensors for cell and EV capture. Each antibody 

was printed in triplicate, isotype controls in duplicate, and the remaining spots were left 

blank (the maximum printing capacity of the CFM spotter is 48 spots per single run). All 

antibodies were diluted with 50 mM acetic acid buffer (immobilization buffer) (pH 4.5, 

19 mM NaAC, 31 mM HAc, both from Merck) supplemented with 0.05% Tween 80 

(Sigma Aldrich) to a final concentration of 5μg/mL antibody, and printed for 15 minutes. 

Subsequently, the sensor surface was deactivated by flowing a 100 mM 2-aminoethanol 

solution followed by 1% bovine serum albumin (both Sigma Aldrich) solution in 

immobilization buffer over it.  

 

SPRi assay conditions 

SPRi measurements were performed with the antibody array in a 0.3 mm high flow cell 

(Fig. 2A). Material capture on the surface during sample association results in an 

increased RI (Fig. 2B). Both accumulation of material on the surface, as well as 

penetration into the gel, increases the SPRi signal over time (Fig 2C). The speed of 

accumulation is mass transport limited, which is sedimentation for cells and diffusion for 

EV [68]. Preliminary experiments showed that cell signals reached a maximum within 

one hour (though this depends on the cell type and therefor does not necessarily apply to 

all cells in general), while EV signals still increased after 24 hours. Here we measured 
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cells for 30 minutes and EV for 60 minutes to limit deterioration of the sample. Cells 

were measured without flow for optimal sedimentation conditions. EV capture was 

enhanced by application of flow [68], in this case a ‘back-and-forth’ flow (BFF) of 18 

mm/s (vmax), 3 s per cycle was applied for EV.  

 

 

Figure 5.2: Description of SPRi measurements. A) An EV sample is introduced on top of an antibody array consisting of different 

antibody spots (2 antibodies and 1 blank spot shown). B) EV with complementary antigens are captured at the surface. RI change in 

the evanescent field (~300 nm thick) due to EV capture changes the reflection of a laser to a charge coupled device (CCD). C) SPRi 

follows the RI change for different antibody spots in the CCD image, resulting in an SPRi signal over time. 

 

Definition of SPRi response 

SPRi response (see Fig. 2C) is defined as the average SPRi signal of an antibody, minus 

the average SPRi signal of the matched isotype control, during the last 50 seconds of the 

measurement. Note the difference between SPRi signal and SPRi response in this 

definition. The isotype controls correct for 1) antibodies release from the surface and 2) 

non-specific binding, and are often negative because signal due to antibody release 
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exceeds signal due to non-specific binding. We assume that after subtraction of isotype 

control, the resulting SPRi response represents the net accumulation of sample onto the 

antibody spot. In this manuscript, an SPRi response exceeding the resolution threshold of 

20 RU is considered positive, which is double the difference between the mean (-19) and 

the maximum response (4). 

 

Dependency of SPRi response on concentration  

A proportional relationship is expected between analyte concentration and SPRi 

response. We tested this relationship for SKBR3 cells and SKBR3-EV with 8 spots of 

anti-HER2, as HER2 is expressed at high levels on both cells and EV. The relationship 

between SPRi response and concentration was determined with serial dilutions of 

SKBR3-cells, starting with the lowest concentration, and measured sequentially on a 

single sensor. To prevent saturation effects, SPRi responses were determined during 10 

minutes of association with each concentration, with intermediate washing steps of 5 

minutes with PBS. For this experiment, the SPRi response was defined as the change in 

signal during the association time only. The same procedure was applied for EV with 

another sensor, to be able to compare the concentration dependency for both EV and cells. 

 

Determination of SPRi detection limit  

The SPRi detection limit was defined as the number of cells or EV to produce an SPRi 

response equal to the resolution threshold of 20 RU, or the corresponding concentration 

multiplied with the sample volume. The sample volume for cells is the volume above one 

spot (125 nL), as all cells sediment within 10 minutes. The sample volume for EV needs 

to be estimated because 1) their average diffusion distance is small compared to the 300 

μm chamber height and 2) a back and forth flow was applied. To obtain an estimate, we 

applied Stokes-Einstein particle diffusion [79] for the probability that an EV with 

diameter d starting from height h, reaches the sensor surface by Brownian motion during 

measurement time t. See the appendix for the model. The integral over all heights h, 

together with the determined particle size distribution give the number of EV that can be 

captured at the surface, and thus give an indication of the effective sample volume in the 

absence of flow. The application of back and forth flow for EV capture may enhance that 

volume, but it is unknown to what extent. To estimate the maximum effective sample 

volume, the sample flux is expressed as a function of height based on Poiseuille flow 
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between parallel plates [80]. The actual sample volume is somewhere between the no-

flow estimate, and the maximum effective sample volume. 

 

FCM fluorescent labeling procedure 

Cells were fluorescently labeled by incubating 45 μL of cell suspension with 5 μL of 

conjugated antibody for 30 minutes, while being kept on ice (see table 1 for 

concentrations in μg/mL). Subsequently, unbound antibody was removed by 

centrifugation (10 minutes at 180 x g) and washing.  

PE-conjugated antibodies were centrifuged (5 minutes at 18,890 x g) prior to use with 

EV samples to remove antibody aggregates. EV were fluorescently labeled by incubating 

45 μL of 10x diluted EV sample at room temperature with 5 μL of conjugated antibody 

for 60 minutes. After labeling, the sample was diluted with 200 μL 0.05 μm filtered PBS 

to dilute unbound antibody. Samples were measured on FCM within 1.5 hours of labeling. 

 

FCM measurement 

The FCM (Apogee A50-micro, Apogee, Hemel Hempstead, UK) was equipped with a 50 

mW 488 nm laser for fluorescence, and a 70 mW 405 nm laser for scatter excitation. All 

measurements were performed for 60 seconds at a flow rate of 4.5 μL/minute. The trigger 

threshold was an or-gate (SALS>=30, LALS>=20), and the PE (575/30 nm) detector 

voltage was 480 V. Different scatter detector voltages were need for cells and EV due to 

their large difference in size, cell voltages were SALS: 285 V, LALS: 280 V and EV 

voltages were SALS: 345 V, LALS: 340 V.  

 

Definition of FCM specific fluorescence intensity 

The specific fluorescence intensity (SFI) was defined as the fluorescence intensity caused 

by specific interactions of the antibody to the target antigen. The SFI is approximated by 

subtracting the mean fluorescence intensity (MFI) of an isotype control with comparable 

concentrations from the MFI of the antibody, see table 2. The signal of an antibody was 

considered to be distinctive from an isotype if the SFI exceeded the resolution threshold. 

This threshold was set at 14 AU, as 95% of all isotype control counts were below this 

threshold. 
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Table 5.1: Results for the antibody panel on both FCM and SPRi. Eleven different antibodies were used, together with corresponding 

isotype controls and blank control. Used antibody concentrations are shown, together with results for the three different cell lines, on 

the two techniques, for both cells and EV 

 

Clone Isotype 

Antibody  
Concentration 

(μg/ml) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

HS578T 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

MCF7 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

SKBR3 

Antibody 

FCM MFI 
(AU) SPRi (RU) 

FCM MFI 
(AU) SPRi (RU) 

FCM MFI 
(AU) SPRi (RU) 

   

FCM 

[PE] 

SPRi 

[Unlabeled] Cells EV Cells EV Cells EV Cells EV Cells EV Cells EV 

CD9 ML13  IgG1 0.63 5  60 9 247 48 107 8 398 95 220 8 298 24 

CD44 BJ18 IgG1 5  5  21136 173 3730 360 9362 15 1053 348 72 4 12 -10 

CD49e NKI-SAM-1 IgG2b 10  5 1938 37 3563 343 31 18 82 7 105 4 154 58 

CD63 
CLB-

Gran/12 IgG1 1.5  5 185 23 103 -12 49 10 3 -11 84 4 34 0 

CD71 CY1G4 IgG2a 10  5 6036 54 1050 323 1010 19 403 57 10016 7 664 323 

CD221 1H7/CD221 IgG1 10  5  48 27 -89 10 175 8 250 47 121 4 67 -9 

CD227 16A IgG1 20  5  640 37 265 106 32 10 38 -3 1675 5 240 6 

EGFR AY13 IgG1 10  5 1540 33 693 71 360 20 313 552 625 5 383 330 

EpCAM VU1D9 IgG1 1.58 5  33 9 317 29.3 7731 85 1199 1323 3732 17 417 95 

Her2 Her81 IgG1 10  5  87 13 342 -1 324 5 328 362 12265 27 864 786 

Her3 1B4C3 IgG2a 1.25 5 22 9 -173 -11 155 4 316 0 308 3 271 -10 

Blank    - - 20 3 78 -37 11 3 -7 -2 20 3 -12 -1 

IgG1 X40   20 5      -59 -65     -54 -32 76 6 -42 -22 

     10                   38 4     

     5   20 16     14 13     32 4     

     1.5                   24 3     

     0.63   25 5       5     23 3     

IgG2a X39   10 5  19 7 17 -30 11 5 -13 -9 23 3 -23 -15 

     1.25         
  

      20 3 
 

  

IgG2b MG2b-57   10 5  22 7 28 4 12 6 -20 -6 24 3 -16 4 
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Statistics 

The exponential of the SPRi response was computed for linear regression with the SFI of 

FCM. All statistical analysis and statistical modeling was performed with Matlab 2015a 

(Mathworks, Natick, MA, United States of America). 

 

Results 

From the working principle of SPRi, it was expected that the SPRi response is influenced 

by particle concentration, particle diameter and antigen density. Only the effects of 

concentration and of antigen density on the SPRi response were determined in this 

manuscript, as adequate protocols for size sorting of EV samples are unavailable [81]. 

 

EV sample characterization 

EV derived from the three different cell lines were used to assess these dependencies. The 

concentrations of EV between 150 and 1000 nm were 0.8 x 109 for HS578T, 3.1 x 109 

for MCF7 and 0.7 x 109 for SKBR3 as determined with RPS, see Table 1. No adjustments 

to these concentrations were made for the SPRi measurements. TEM imaging indicated 

that concentrations measured with RPS consisted for less than 20% of non-EV particles 

(>150 nm). The sizes of the three different cell lines were comparable as were the sizes 

of the EV derived from these cell lines (see table 2). 

 

Table 5.2: Sample concentration and diameter  

 EV   Cell  

 Concentration 

/mL 150-1,000 nm 

Median diameter 

Nm 

 Concentration 

/mL 

Median diameter 

Nm 

HS578T 8.4·108 193  1.5·106 20,000 [82] 

MCF7 3.1·109 185  1.5·106 15,800 [82] 

SKBR3 6.5·108 200  1.5·106 16,300 [83] 
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SPRi response is proportional to concentration  

The relationship between SPRi response and concentration was determined with serial 

dilutions of SKBR3 cells and SKBR3 EV. The average SPRi responses on anti-HER2 

printed spots for the different sample concentrations are shown in Fig. 3. 

 

Figure 5.3: SPRi responses for different SKBR3 cell (A) and EV (B) concentrations. Each data point represents the average SPRi 

response after 10 minutes of incubation of eight Her2 antibody spots, with error bars representing their standard deviation. SPRi is 

approximately linear with concentration (R2Cell = 0.964, R2EV = 0.999). 

 

Panel A represents the SPRi response of different cell concentrations. The undiluted 

SKBR3 cell concentration was 5.6 x 106 cells/mL and was diluted in serial 2-fold 

dilutions to 1.8 x 105 cells /mL. Linear regression yields an R2 of 0.96. The fit residuals 

show that a higher order function may predict the SPRi response of cell concentrations 

even better, but for the present goal a linear approximation is sufficient. For all further 

measurements, final cell concentrations during SPRi measurements were 1.5 x 106 

cells/mL to eliminate concentration effects. Fig. 3B shows the dependency of SPRi for 

different EV concentrations. The undiluted SKBR3 EV concentration with sizes between 

150 and 1,000 nm was 1.7 x 109 EV/mL and was diluted to 2.1∙108 EV/mL. Linear 

regression yields an R2 of 0.99.  

 

SPRi detection limit  

Fig. 3A also illustrates the required minimal concentration of 4 x 105 SKBR3-cells/mL 

on HER2 spots to exceed the resolution threshold of 20 RU within 10 minutes of 

association. This corresponds to approximately 45 cells, considering the sample volume 

above the spot (125 nL). Due to diffusion limitations, the effective sample volume for EV 

is smaller than the 125nL above each spot. The Stokes-Einstein diffusion model together 

with the EV size distribution predicts that the effective sample volume is approximately 
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10 nL in a no-flow condition, and may be increased to 40 nL with application of back and 

forth flow.  Fig. 3B shows that a minimal concentration of 3 x 108 SKBR3 EV/mL on 

anti-HER2 spots was needed to exceed the resolution threshold of 20 RU within 10 

minutes of association. This corresponds to 2 x 103 to 1.1 x 104 EV, depending on the 

actual sample volume above the spot (10-40 nL). 

 

Exponential of SPRi response is approximately proportional to FCM SFI 

To determine the relationship between SPRi response and antigen exposure, we measured 

SPRi responses of the cells and their corresponding EV. FCM SFI was taken as a 

surrogate measure for antigen expression of cells and EV. 

 

Figure 5.4: Correlation between antigen detection on SPRi and FCM responses, performed on the combination of cells of three 

different cell lines. Each cell line was tested with the antibody panel consisting of 11 different antibodies. Two antibodies on HS578T 

cells were excluded for the correlation. Remaining data shows a correlation between SPRi response and FCM SFI (R²=0.71). 

 

First, SPRi and FCM were compared based on the measurements done on cells. The 

results are shown in Fig. 5A-C and overall SPRi responses correlate with FCM. Two 

outliers were excluded for subsequent analyses (CD44 and CD49e on HS578T cells), for 

which the SPRi response was approximately four times higher than expected based on 

FCM SFI (Fig. 5A). Linear regression through remaining data for the three cell lines 
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combined gave an R2
All Cell of 0.71. This regression function is shown with the data in Fig. 

5A-C, and shows that the exponential of the SPRi responses and FCM correlate for cells. 

The regression for all cells hold also for the data of the individual cell lines (R2
HS578T 

Cell=0.66, R2
MCF7 Cell=0.78 and R2

SKBR3 Cell=0.60), which shows that differences between 

cell lines do not substantially affect the relationship between SPRi response and FCM 

SFI. 

 

Figure 5.5: Correlation between antigen detection by SPRi and FCM, performed for three different cell lines on cells (A-C) and 

corresponding EV (D-F). Eleven antigens are measured with both techniques on all samples, each represented by a different marker 

in the scatter plots. A-C) SPRi responses on cells are correlated with the SFI of FCM with linear regression for 31 of 33 antibody-cell 

combinations (black solid line). Corresponding R2 are determined with the eleven points for each of the three samples on the overall 

correlation (R2HS578T=0.66, R2MCF7=0.78 and R2SKBR3=0.60). D-F) On EV, a correlation could only be determined for 

HS578T-EV (gray dashed line, R2HS578T=0.69). 

 

Subsequently, SPRi and FCM measurements were performed on EV (Fig. 5D-F). 

Antibody-EV combinations which did not exceed the resolution thresholds of 20 RU 

(SPRi) or 14 AU (FCM) were excluded from analysis. This resulted in only four (HS578T 

EV), one (MCF7 EV) and two (SKBR3 EV) remaining antibody-EV combinations that 

were included in the analysis. Linear regression on HS578T EV between the exponential 

of SPRi response and FCM SFI resulted in a correlation of R2 = 0.69 (dashed line Fig. 

4D). No correlation analysis was performed on MCF7 EV, nor on SKBR3 EV. 
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Low FCM SFI resulted in exclusion of most antibody-EV combinations 

A representative example of the results with EV is shown in Fig 6, in which panel A 

represents the SPRi signals of SKBR3 EV for anti-HER2 and anti-EGFR, together with 

the blank and matched isotype spots. SPRi responses for both HER2 and EGFR exceed 

the resolution threshold of 20 RU, with an SPRi response of 809 and 353 RU, 

respectively. In total 27 of the 33 antibody-EV combinations exceeded the resolution 

threshold on SPRi with responses of up to 68-fold the resolution threshold. The six SPRi 

responses below the resolution threshold were HER3 on HS578T EV, HER3 and CD49e 

on MCF7 EV and HER3, CD44 and CD221 on SKBR3 EV. 

 

Figure 5.6: Antigen detection on SKBR3-EV for both SPRi (A) and FCM (B). Results of HER2 and EGFR are shown, together with 

their shared isotype control and blank spot of SPRi or unlabeled sample of FCM. Her2 exceeds the isotype signal on both techniques, 

but EGFR shows no difference with its isotype control on FCM. 

 

In panel B, the FCM fluorescent intensity histograms are shown of the antibody-EV 

combinations in panel A. The SFI of HER2-PE (SFI=22.6 AU) exceeded the FCM 

resolution threshold of 14 AU, but EGFR-PE did not (SFI=0.3 AU). Only 7 of 33 

antibody-EV combinations were above the FCM resolution threshold. These were CD44-

PE, CD49e-PE, CD63-PE and CD71-PE on HS578T EV, EpCAM-PE on MCF7 EV and 

EpCAM-PE and HER2-PE on SKBR3 EV. The other 26 of 33 antibody-EV combinations 

were below the FCM resolution threshold. The insensitivity of FCM resulted in exclusion 

of most of the antibody-EV combinations from the comparison between SPRi and FCM. 
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SPRi responses and their relation to antigen expression 

To confirm correlation between detected SPRi responses and EV antigen expression, the 

SPRi responses for all antibody-EV combinations were compared to the antigen 

expression of their cells of origin. Antigen expression on cells is reliably detected by 

FCM. The correlations are shown in figure 7 and result in an R2
HS578T = 0.77, R2

MCF7 = 

0.49 and R2
SKBR3 = 0.52. Such agreement between EV SPRi responses and cell FCM SFI 

suggest that SPRi responses on EV do showcase correlation to antigen expression. 

 

Figure 5.7: Correlation between EV SPRi responses and antigen exposure of parental cells as measured with FCM. SPRi responses 

on EV were in general also present on their parental cells, as shown by correlations of R2HS578T = 0.77, R2MCF7 = 0.49 and 

R2SKBR3 = 0.52. 

 

Discussion 

The aim was to investigate the possibility of quantitative antigen characterization of EV 

with SPRi. On cells, the exponential of the SPRi response is approximately proportional 

to the FCM SFI, indicating that quantitative antigen characterization by SPRi is possible. 

The antigen expression on EV is much lower. Both SPRi and FCM did not detect 6 of 33 

tested antibody EV combinations. All 27 other antibody-EV combinations were above 

resolution threshold for SPRi, but only 7 antibody-EV combinations exceeded the FCM 

resolution threshold. SPRi enables detection of antigens that are expressed on EV, also at 

expression levels below the resolution threshold of FCM. 

The working principle of SPRi predicts that the number of cells or EV captured on the 

surface is proportional to the SPRi response as long as the capture spot is unsaturated. 

This proportionality was confirmed for both cells and EV and no evidence was found of 

capture spot saturation. In the cell concentration vs. SPRi response curve there seems to 

be some residual non-linearity. A possible cause is the slow (hour scale) cell adhesion 

and spreading on the surface, affecting the concentrations that are measured. The results 
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show that at least 4 x 105 SKBR3 cells/mL or 3 x 108 SKBR3 EV/mL were required to 

obtain an SPRi response higher than the resolution threshold of 20 RU when targeting 

HER2. This corresponds to a sedimentation of 45 cells onto the sensor surface of one 

spot, or a capture of 2 x 103 to 1.1 x 104 EV when diffusion and flow conditions are taken 

into account. Such EV detection limits correspond with the results of 1.3 x 109 EV/mL 

[68] or 3 x 103 EV [69] described by other groups. The working principle of SPRi also 

suggests a relationship between SPRi response and particle diameter, since larger 

particles introduce more detectable physical material inside the sensing zone. Ideally, this 

relationship should be confirmed with EV samples of different particle diameters, but 

currently existing protocols are incapable to prepare such sized defined EV samples. The 

differences in SPRi detection limits for cells and EV may be caused by particle size 

difference. 50-250 fold more EV were required than cells to exceed the detection 

threshold, while their diameter differs ~100-fold. This would suggest a dependency of 

the SPRi response that is approximately proportional to the diameter (d0.8 – d1.2). This is 

near the theoretical diameter dependency (d5/3) published previously [68]. The 

exponential of the SPRi responses on EV are believed to correlate with the actual antigen 

expression because 1) the standard deviation on EV SPRi signal for isotype controls was 

5-fold lower than the average 171 RU difference between antibody SPRi signal and 

isotype control, 2) for those antibody-EV combinations that exceed the resolution 

threshold on FCM, the SPRi response was positive and approximately proportional, 3) 

SPRi responses on EV were approximately in agreement with FCM SFI on their cells of 

origin. For this last comparison, a worse agreement was expected as antigens are 

redistributed on EV shedding sites [84, 85]. However, our results illustrated that the EV 

SPRi responses can be used to determine antigen expression.  

These results demonstrate that a previously published theoretical model for SPR on EV 

[68] may need to be expanded to include antigen density. The implicit assumption in the 

theoretical model is that SPR response measured on EV is independent of antigen density. 

Possible explanations for the dependence between antigen density and SPRi signal 

include: 1) enhanced capture chance due to higher antigen density, 2) enhanced 

penetration into the gel layer on the sensor due to interactions with antibodies printed 

throughout the gel thickness, 3) enhanced spreading out over the surface of the gel due to 

interactions with antibodies printed on the gel surface. The enhanced capture chance 

could only play a role for EV as the capture chance of a cell is 100% due to sedimentation. 

The enhanced penetration into the gel and/or the enhanced spreading out over the surface 
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of the gel both would increase signal because they bring more material in closer proximity 

to the gold surface.  

For cells, filopodia are visible in the SPRi image after an hour. The resolution of SPRi is 

insufficient to visualize single EV. Imaging of the SPRi sensor with alternative imaging 

modalities may help resolving the contributions of the above mentioned mechanisms. The 

5-fold standard deviation difference between the average antibody signal and average 

isotype control signal illustrates the high specificity of SPRi. The main mechanism for 

this specificity can be explained by antibody-antigen interactions occurring on the surface 

right after an EV is captured with a first binding. In case of a specific interaction, other 

nearby antibodies on the sensor surface and antigens in the EV membrane are held near 

each other, resulting in a rapid formation of additional binding events. This prevents EV 

release and anchors it in the 100 μm thick gel layer on the surface. However, if the first 

bond of an EV on the surface is due to an unspecific interaction, this additional bond 

formation does not occur. The individual unspecific bond is relatively weak and may be 

broken by Brownian motion, resulting in release of the EV from the surface and low 

isotype control signals. FCM detected only 7 antibody-EV combinations because the 

relatively large isotype control intensities made fluorescence caused by specific binding 

practically indistinguishable from non-specific binding. These isotype control intensities 

were composed of 52% auto-fluorescence and system noise, as shown by the blank 

sample intensities. In attempts to reduce the background signal of FCM, system noise 

could be reduced with the use of EV capture beads and subsequent fluorescent labeling 

[86]. Unfortunately, this increases auto-fluorescence due to the addition of the beads, but 

this is not expected to result in the required sensitivity improvement. The other 48% of 

the isotype control MFI is caused by unbound or unspecifically bound dye. Unbound dye 

could be reduced with size exclusion chromatography and unspecific binding is less when 

using Fab fragment conjugates [87]. However, each of these methods improves the signal 

with small and insufficient amounts. A simple thought experiment can illustrate the 

difficulty in obtaining the required sensitivity. A vesicle of 200 nm in diameter, coming 

from a 10 μm cell with 105 antigen copies, would only have 40 antigen copies, assuming 

the same membrane antigen density as the origin cell. As FCM require typically ~100 

phycoerithrin (PE) molecules/EV for detection [88-90], such expression would be 

undetectable. As most antigens as expressed far below the amounts of 105 copies per cell 

[90, 91], the increase of specific intensities or decrease of background intensities should 

exceed an order of magnitude before FCM is as sensitive as SPRi.  
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In this chapter, the SPRi dependency on antigen density, sample concentration and 

particle diameter was demonstrated. It highlights the potential of SPRi to determine these 

three sample parameters simultaneously in a single measurement, but without methods to 

separate the contributions from the three, meaningful measurement of more complex 

bodily fluid samples will be beyond reach. At least the total amount of captured material 

and the antigen density will need to be unraveled. For this purpose, the SPRi could be 

expanded with a polychromatic light source to resolve the average layer thickness on top 

of the surface [68, 92]. Alternatively, all spots could be co-printed with a second antibody 

targeting a general cytoplasmic antigen such as cytokeratin. After EV capture with a 

membrane antigen, addition of lysis reagents results in local EV disruption and release of 

the cytoplasmic antigen. This results in a second SPRi response correlated to the total 

volume of EV captured on the spot. 

SPRi measures the total signal of the entire EV population, which allows detection of 

extremely low antigen densities on EV. Moreover, SPRi can perform many parallel 

experiments on the same sample without complex or time-consuming preparation steps. 

The downside is that it measures a bulk effect, and it is not known whether a measured 

response is caused by all EV in the sample, or by a subset of EV.  

 

Conclusion 

This chapter demonstrated the suitability of SPRi for detection of antigen expression on 

EV. SPRi responses of EV were shown to correlate with sample concentration, diameter 

and their antigen density. EV antigen detection with SPRi is advantageous compared to 

FCM, as the false negative rate with FCM was at least 70% due to high background 

intensities of the technique and the capability of SPRi to distinguish these low expressed 

antigens from its respective background signal. 
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6 QUANTIFICATION OF 

ANTIBODY PRODUCTION OF 

INDIVIDUAL HYBRIDOMA 

CELLS BY SURFACE 

PLASMON RESONANCE 

IMAGING 

 

Abstract 

Surface plasmon resonance imaging (SPRi) is most frequently used for the label-free 

measurement of biomolecular interactions. Here we explore the potential of SPRi to 

measure antibody production of individual hybridoma cells. As a model system, cells 

from a hybridoma, producing monoclonal antibodies recognizing epithelial cell adhesion 

molecule (EpCAM), were used. Recombinant human EpCAM protein was immobilized 

on an SPR sensor and hybridoma cells were introduced into an IBIS MX96 SPR imager 

and the SPRi response was followed for 10 h. SPRi responses were detected on the spots 

of the sensor only where ligands of the produced antibody were present. By measuring 

the SPRi signals on individual cells the antibody production of the individual cells was 
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measured and production rates were calculated. For 53 single EpCAM hybridoma cells 

the production ranged from 0.16 to 11.95 pg (mean 2.96 pg per cell, SD 2.51) over a 

period of 10 h. Antibody excretion per cell per hour ranged from 0.02 to 1.19 pg (mean 

0.30, SD 0.25). Here we demonstrate for the first time that antibody production of 

individual cells can be measured and quantified by SPRi, opening a new avenue for 

measuring excretion products of individual cells. 

 

Introduction 

Surface plasmon resonance imaging (SPRi) traditionally is used for the label-free 

detection of molecular interactions between, for example, antibodies and their ligands 

[19]. As SPRi know-how and microfluidics evolved in the years after the turn of the 

millennium, various studies have reported the use of SPRi to study cellular responses and 

interactions. Studies have been performed in which single cells were cultured on an SPR 

sensor surface and local regions of interest were placed around these cells to monitor their 

responses to various stimuli [93]. Similarly peripheral blood basophil activation was 

evaluated using SPRi. In this study basophils were bound to the sensor surface using an 

anti-basophil antibody, after which the cells were stimulated with various antigens and 

morphological changes were detected by SPRi. The study concluded that these monitored 

changes coincided with side-by-side experiments that tested the cells for histamine 

release upon stimulation [94]. The study, however, did not monitor or quantify the 

histamine release with SPRi. When it comes to quantification of functional protein 

concentration of samples, SPR has turned out to be a suitable method. SPR-based setups 

were shown to be able to accurately determine analyte concentrations both in offline [95] 

and [96] and in at-line settings [97]. But none of these studies reported the ability to 

quantify excretion at the single-cell level. Recently we have demonstrated the ability to 

detect the specific binding of cells to antibodies immobilized on a sensor surface by SPRi 

[37]. In these experiments typical SPR curves were obtained from which the initial signals 

can be attributed to sedimentation of the cells on the sensor surface followed by signals 

attributed to the specific binding response between cell surface antigens and their ligands 

immobilized on the sensor. The magnitude of the SPR responses was proportional to the 

antigen density on the surface of the cell. From these studies we postulated that it should 

be possible to measure products excreted by cells using SPRi. 
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Previously performed studies have shown that SPRi is a suitable technique for analyzing 

protein excretion by cells. Peterson et al. [13] deposited smooth muscle cells on a 

fibronectin-covered sensor and quantified their protein deposition as a function of cell 

density and distance from the cell periphery. However, in this study quantification was 

not attempted on single cells [13]. Milgram et al. demonstrated real-time monitoring of 

antibody excretion by hybridoma cells [98]. In this study cells were allowed to sediment 

nonspecifically onto a biosensor after which their production of anti-hen egg lysozyme 

antibody was followed. The study proved that indeed SPRi was capable of following in 

real time the excretion of the expected antibodies and that it was a much easier and 

quicker method to confirm antibody production compared to more traditional label-based 

techniques [98]. Traditionally detection and quantification of single hybridoma cell 

excretion is a complicated procedure [99-101]. Recently a new fluorescence-based 

method was introduced, which uses metal-enhanced fluorescence. Although the study 

showed that the technique was able to be used in real time, there was no quantification 

done on the excretion [102]. In this paper we demonstrate the feasibility of monitoring 

antibody production of single hybridoma cells. To investigate this an IBIS MX96 SPR 

imager was modified so that cellular production could be monitored for prolonged periods 

of time at 37 °C. As a model system cells from a hybridoma cell line producing VU1D9, 

an immunoglobulin G1 (IgG1) monoclonal antibody recognizing epithelial cell adhesion 

molecule (EpCAM), were used. The relatively simple method introduced in this paper 

allowed us to monitor, track, and quantify the excretion of antibodies label free and in 

real time from individual cells by SPRi. 

 

Materials and methods 

SPRi 

For SPRi measurements the IBIS MX96 was used (IBIS Technologies B.V., Enschede, 

The Netherlands). The MX96 combines biosensing with live real-time imaging. It uses a 

2-megapixel CCD camera to grab images of the sensor surface; the size of each pixel is 

5.5 × 5.5 μm. The fluidics in the IBIS MX96 were designed as such that the sample does 

not pass any valve. The images of the sensor during the cell sedimentation stage were 

made using a custom-designed image grabber. The standard 100-μm high-flow cell in the 

IBIS MX96 was replaced with a 300-μm high-flow cell to obtain better conditions for the 

cells to survive for a longer period of time, because more cell culture medium is available 
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in the flow cell as opposed to the regular-height flow cell. In addition it provides a better 

sample homogeneity in the flow cell upon injection of the cells. The output of the machine 

is given in resonance units (RU) and output calibration was set up as such that 1 RU 

corresponds to 1 pg of bound protein per square millimeter. 

 

Continuous-flow microfluidic spotter 

For immobilizing ligands on the sensor surfaces a continuous-flow microfluidic (CFM) 

spotter was used (Wasatch Microfluidics LLC, Salt Lake City, UT, USA) [29]. Ligand 

immobilization buffer was used to prime the CFM system and to dilute the desired 

ligands. The immobilization protocol lasted 60 min. The CFM spotter has the ability to 

spot up to 48 different ligands in a 6 × 8 array configuration with spot sizes of 

500 × 830 μm onto the sensor simultaneously under back-and-forth confined flow. The 

confined back-and-forth flow increases the efficiency of the spotting and avoids the risk 

of evaporation for contact and noncontact droplet-based spotting methods. 

 

SPR sensors 

Easy2Spot preactivated G-type SensEye sensors (Ssens B.V., Enschede, The 

Netherlands) were used as SPR sensor surfaces. The sensors have a 100-nm hydrogel-

like layer, which enables higher capacity coupling of ligands in the evanescent field and 

gives the ligands a level of mobility approaching much more in vivo-like circumstances. 

The sensors are preactivated for easy immobilization without 

ethyl(dimethylaminopropyl) carbodiimide N-hydroxysuccinimide activation required by 

the user. 

 

Antibodies and recombinant proteins 

Human serum albumin (HSA) antibody was acquired from Sigma–Aldrich Corp. (St. 

Louis, MO, USA). Recombinant human EpCAM/CD326 protein (rhEpCAM) and 

recombinant human HER2 protein (rhHER2) were acquired from ACRO Biosystems 

(Bethesda, MD, USA). IgG1, IgG2a, IgG2b, and IgG3 antibodies were acquired from 

Rockland Immunochemicals (Limerick, PA, USA). 
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Hybridoma cells 

Hybridoma cells producing EpCAM (IgG1, VU1D9) antibodies were used in the 

experiments (generously provided for these experiments by Immunicon Corp., 

Huntingdon Valley, PA, USA). The cell line was cultivated in Iscove’s modified 

Dulbecco’s medium (IMDM; Life Technologies Corp., Grand Island, NY, USA) with 

added 5% fetal calf serum, penicillin, streptomycin, and l-glutamine (Sigma–Aldrich). 

The cells grow in suspension and can be harvested without the use of trypsin or EDTA. 

The cells were grown in T75 cultivation flasks in 25 ml of complete cell medium at 37 °C 

and 5% CO2. 

 

Sensor deactivation agent 

A 1% bovine serum albumin solution (BSA; Sigma–Aldrich) in sodium acetate 

immobilization buffer was used as a deactivation agent. A stock solution of 2-

aminoethanol (MP Biomedicals LLC, Illkirch, France) was used to create a 100 mM 2-

aminoethanol solution with a pH of 8 and was used as an extra sensor deactivation step 

after the initial BSA deactivation. 

 

Ligand immobilization buffer 

A 10 mM solution of immobilization buffer at pH 4.5 was made using anhydrous sodium 

acetate (Sigma–Aldrich) and acetic acid (Merck Schuchardt OHG, Hohenbrunn, 

Germany). First a 0.2 M stock solution was made of both components, then from these 

stock solutions 1.93 parts of sodium acetate was mixed with 3.07 parts of acetic acid, and 

finally 95 parts of ultrapure demineralized water was added. The pH was checked and if 

needed adjusted to pH 4.5. 

 

System buffer 

IMDM complete cell culture medium was used as a system buffer to enable cell survival 

for several hours inside the IBIS MX96 and to minimize bulk shift differences. 
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Imaging of cell excretion 

The custom image grabber software used with the IBIS MX96 captured images at 

intervals of 60 s throughout the experiment to analyze the cell excretion process. First an 

image containing cells on the surface at the initiation of the experiment was selected and 

an image at the end of the experiment was selected where the cells were presumed to 

produce their product. Images were taken at the same angle of incidence to enable 

differential image analysis using Adobe Photoshop (version CS6); with this analysis the 

“before analysis” image is subtracted from the “after analysis” image leaving only the 

anticipated products, which were excreted by the cells, visible. 

 

Results 

Verification of antibody production by hybridoma cells 

The supernatant of the cell culture of the hybridoma cell line was collected. A sensor was 

made that had rhEpCAM protein immobilized on its surface. Immobilization in the CFM 

spotter was performed for 60 min. The rhEpCAM protein is the target protein of EpCAM 

antibodies and as such should specifically bind to it. Additionally anti-IgG1, -2a, -2b, and 

-3 spots were made, which should show to which isotype the produced antibody belongs, 

and rhHER2 protein was immobilized as a negative control, as to this protein only HER2 

antibodies should bind and EpCAM antibodies should not. The supernatant of the 

EpCAM-producing hybridoma was flushed over the sensor and indeed showed reactivity 

only on the spots covered with rhEpCAM and anti-IgG1 (see figure 1). These 

experiments proved that the products excreted by the cells indeed are anti-EpCAM 

antibodies of the IgG1 subtype. The antibodies show specificity only with their 

corresponding target recombinant protein and do not show any reactivity with the other 

recombinant protein. 
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Figure 6.1: Culture supernatant of EpCAM hybridoma cells flowed over a sensor on which rhEpCAM; anti-IgG1, -2a, -2b, and -3; 

and rhHER2 were immobilized. The supernatant interacted only with the rhEpCAM and the IgG1 spots, proving that the cells indeed 

produced anti-EpCAM IgG1 antibodies. 

 

Real-time SPRi measurement of EpCAM antibody production by hybridoma cells 

To determine the feasibility of real-time detection of antibody excretion by EpCAM-

producing hybridoma cells, a sensor was spotted with rhEpCAM (10 μg/ml) and anti-

HSA (5 μg/ml) spots. Immobilization in the CFM spotter was performed for 60 min. 

After injection of the cells they were allowed to sediment, after which the unbound cells 

were washed off. The remaining bound cells were tracked in real time for 60 h without 

any flow. Regions of interest (ROIs) were placed in such a way that they covered the 

immobilized ligand spots (the whole spot). In addition smaller ROIs were placed over 

single cells. This was done so that after the completion of the second part of the 

experiment differences in antibody production of the individual cells could be observed 

in the sensorgram, assuming that individual cells within the same population could have 

excretion rate differences. Figure 2 shows the sensorgram of the tracking of the 

hybridoma cells over a 60-h period after their initial capturing. Five sensorgrams are 

shown in figure 2, one representing a spot with anti-HSA showing a nearly flat line, one 

representing another spot with rhEpCAM showing a gradual increase in the SPRi signal, 
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and the other three representing the smaller ROIs around three individual hybridoma cells 

on a spot covered with rhEpCAM. ROIs that were placed over individual cells show a 

difference in the excretion amounts of the respective individual cells. The larger SPRi 

signal from the individual cells compared to the whole rhEpCAM-covered spot can be 

explained by the fact that the large ROI spot has a relatively high amount of surface area 

that was not affected by the excretion of proteins, whereas the small individual ROIs were 

almost entirely “filled in” with the excreted product. 

 

Figure 6.2: Sensorgram showing the single-cell production of anti-EpCAM by VU1D9 cells. The rhEpCAM is able to capture the cell 

specifically and bind the anti-EpCAM product made by the hybridoma cell. 

 

Quantification of antibody production by individual hybridoma cells by real-time SPRi 

To calculate the total excreted protein per single cell, the cells were allowed to sediment 

onto the sensor surface and attach specifically to their ligands. For quantification it is 

important that the SPR signal influence of cell sedimentation and interaction with the 

sensor surface is accounted for and subtracted from the expected excretion signal. When 

cells sediment on the sensor surface they cause a shift in the SPR angle, just like a specific 

binding event would between proteins; that is why this influence on the SPR signal needs 

to be subtracted from the anticipated antibody production signal. Cell sedimentation and 

settling is complete within the first 20 min, which can be distinguished as a plateau in the 
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SPR sensorgram. The interpretation is that a steady state is reached and that the cells are 

no longer sedimenting towards the surface. After this the measurement was stopped and 

the excess unbound cells were washed off. Smaller ROIs with consistent sizes of 

110 × 110 μm (20 × 20 pixels) (the halos of excreted protein by single cells do not exceed 

20 × 20 pixels, hence the choice of this size) were then placed as illustrated in figure 3 

A1 and A2. Cells that were too clustered to single out were ignored. Following this a so-

called system “prep” was performed during which all the ROI signals were measured and 

then zeroed, meaning that any contribution of cells within these ROIs is subtracted. This 

enabled the measurement of SPRi signals attributed to protein excretion by the cells 

without the “interference” of a cell signal. The experiment was then restarted and the cells 

were followed for 10 h. The spikes in the curves in the beginning are most probably 

attributable to the smaller sized ROIs, being able to detect fine movements and settling 

of the cells that just underwent a wash that caused them to get unsettled again. We see 

that after the first hour the sensorgram smoothens (see figure 4), implying that the cells 

have now fully settled again. After the completion of the experiment, the measured RU 

signal represents the amount of bound protein in picograms per square millimeter. 

However, since ROIs of a much smaller size were used, a correction for the size of the 

ROI was performed. One pixel in the MX96 system has a size of 5.5 × 5.5 μm, resulting 

in a size of 1.21 × 10−2 mm2 for an ROI of 110 × 110 μm. This resulted in a correction 

factor of 1/(1.21 × 10−2) = 82.6. In this experiment the cells were monitored for 10 h. The 

RU value, which was measured after 10 h, was then divided by the correction factor. The 

value resulting from that calculation was the actual excreted amount of antibody by the 

hybridoma cell(s) present in the 110 × 110-μm ROI within the 10-h time frame. 
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Figure 6.3: (A1) Schematic illustration of the ROI setup. The white dot is the hybridoma cell and the gray field diminishing in intensity 

around the cell is the anticipated excreted product of that cell. ROIs are placed centered over the cell and have a size of 110 × 110 μm 

(20 × 20 pixels). (A2) An SPRi camera image of the actual placement of an ROI on a cell prior to the initiation of the real-time 

following of cellular excretion. (B) Actual image of EpCAM hybridoma cells after sedimentation. (C) The same cells shown after a 

60-h SPRi experiment; the halos seen around the cells are the anti-EpCAM antibodies that were produced by the cell line. (D) Image 

showing the difference between the images in (B) and (C); only the produced antibody is shown, whereas the rest of the spot remains 

black, as there were no changes on those surfaces of the spot. 

 

Figure 6.4: SPRi sensorgram showing seven VU1D9 cells producing different amounts of product in their respective 110 × 110-μm 

ROIs. The more a cell produced, the higher the response of that cell was in the sensorgram. 
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Imaging of cell excretion 

Figure 3 shows images of the cells on one of the 48 spots on a SPR sensor covered with 

rhEpCAM, which were captured using the camera that was also used for the capturing of 

the SPR signals. Figure 3B shows the cells after sedimentation and binding to the sensor 

and figure 3C shows the same cells after being in the SPRi instrument for 60 h. At this 

time EpCAM antibodies excreted by the cells show up as so-called “halos” around the 

original cell location. Figure 3D shows the differential image of the first two images, 

showing only the excreted product. Clear differences in antibody production between 

some of the cells can be seen. This is further illustrated in figure 4 showing the SPRi 

sensorgram of seven VU1D9 cells producing different amounts of product in their 

respective 110 × 110-μm ROIs. The production of antibody from 53 individual 

hybridoma cells was measured and the results are shown in table 1. 
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Table 6.1: Amounts of anti-EpCAM derived from RU values produced by 53 single anti-EpCAM hybridoma cells. 
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Discussion 

The ability of SPRi to detect excretion products of cells was explored. We decided to use 

hybridoma cells as a model system for cell excretion since these types of cells are 

engineered to produce monoclonal antibodies and are relatively easy to maintain in 

culture. First, the supernatant of the cell culture of the hybridoma cells producing the 

VU1D9 EpCAM antibody was tested to verify that the excreted monoclonal antibodies 

could be detected specifically without any cross-reactivity by SPRi. The supernatant of 

the cell culture was passed over a sensor with immobilized rhEpCAM, rhHER2, and 

antibodies recognizing Ig subtypes. This confirmed that antibodies of the IgG1 subclass 

recognizing rhEpCAM were produced. 

After this confirmation the VU1D9 hybridoma cells were injected in the IBIS MX96 SPR 

imager and followed overnight by taking images of the sensor spots and the measurement 

of SPRi signals. During the measurements the cells either interacted with the rhEpCAM 

or excreted a product that interacted with the rhEpCAM on the sensor spots. No 

interaction was measured on the sensor spots covered with other ligands, indicating that 

the observed response was due to the production of antibodies that were actively being 

excreted. To prove that individual cells that actually produce VU1D9 antibody can be 

detected we decided to reduce the number of cells injected into the IBIS MX96 SPR 

imager, from approximately 1 × 106 cells to 2.5 × 105 cells, to be able to easily 

distinguish single cells on the sensor spots. Smaller ROIs were placed around individual 

cells, as we expected that this would give higher response rates as illustrated in figure 2. 

It has to be noted however, that because the experiments were done over such a long 

period of time the cells could have contributed to the increased signal in a different way. 

The cells might have settled in and continuously interacted with the sensor surface and 

the ligands; additionally the cells might have been dividing, causing an increase in the 

sensorgram. We, however, have seen that cell division did not influence the sensorgram 

in this particular experiment. In a separate experiment we noticed cell division and the 

sensorgram showed a sudden drastically higher slope (see figure 5), which was 

considerably different from the typical sensorgrams presented in figure 2 and figure 4. In 

addition the corresponding images of that measurement showed that a single cell doubled 

and caused a sudden increase in the sensorgram. After detachment of the same group of 

cells from the surface the sensorgram shows a steep drop. 
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Figure 6.5: SPRi sensorgram showing cell division and subsequent cell removal. At t = 266 min one cell is clearly seen in the 

highlighted area, which represents the approximate area of the ROI that was placed on the sensor. At t = 381 min the cell has apparently 

increased in size and changed its morphology into what looks like two cells next to each other. Directly prior to the time that image 

was taken the SPR sensorgram shows a steep increase. At t = 700 min the cells detach from the surface and immediately thereafter 

the SPR sensorgram shows a sharp decrease in response. 

 

In the antibody production quantification experiments, the differential image analysis 

(figure 3D) shows that the cells that were initially deposited on the sensor were still there 

at the end of the experiment and are represented as round black dots on the differential 

image centered in the halos. Any cells that would have appeared by division during this 

experiment would have been showing up on the differential image as bright round white 

dots around the initial deposited cells. In these experiments, however, this was not seen, 

hence our conclusion that the measurements were not influenced by cell division. During 

the loading of the cells into the SPR imager, we saw only an initial increase in the slope 

of the sensorgram, which then transitioned into a plateau (see figure 6), indicating that 

the cells were no longer actively sedimenting toward the sensor surface. Also seen is the 

fact that approximately at the 12-min mark the sensorgram increases slightly again; this 

in our opinion is indicative of the immediate excretion and binding of small amounts of 

protein. Additionally noteworthy is the fact that there was no nonspecificity seen on the 

blank sensor surface with any of the components of the cell sample (i.e., cell products, 

complete cell culture medium). The mere presence of cells thus does not interfere with 

the data by interacting with the sensor surface or the immobilized ligands. The introduced 
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method can be used to quantify the antibody production of individual hybridoma cells 

and by doing so determine the heterogeneity of the antibody production. For the 

hybridoma cell line producing the VU1D9 antibody recognizing EpCAM we showed a 

production ranging from 0.02 to 1.19 pg/h (mean 0.3, SD 0.2); the average values agree 

with previous findings in the literature relating to antibody production by hybridoma cells 

per cell per hour [103-106]. Using this knowledge the growth conditions can be optimized 

to arrive at a more uniform and higher antibody production. This is especially of 

importance, for example, for the production of therapeutic antibodies. Antibody-

producing cells can be monitored in real time over the course of a few hours to identify 

the best antibody-producing cell with the highest amount of production. Preferably one 

would like to recover/isolate the highest producing cells from the measurement to obtain 

high-producing cell clones.  

Potentially the IBIS MX96 SPR imager can be modified in such a way that cells that are 

present in specific regions of the sensor can be isolated, after which they are collected 

and deposited in a vial containing culture medium for the sake of expanding the cells with 

the highest production rate. 

 

Figure 6.6: SPRi sensorgram showing the initial binding of VU1D9 cells. After about 4 minutes the signal seemingly reaches a plateau, 

indicating that cell binding is complete. 
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Here we have demonstrated that the production of antibodies by individual hybridoma 

cells can be measured and quantified in real time using SPRi. This opens a new avenue 

to measure products excreted by cells, thereby increasing our understanding of cellular 

processes. One can envision the simultaneous measurement of a variety of products 

excreted by cells using SPRi, such as hormones, neurotransmitters, cytokines, and 

exosomes. 

 

Conclusion 

Our experiments have shown that it is possible to detect and quantify cell-excreted 

products using SPRi. EpCAM hybridoma cells were capable of excreting their antibodies 

while they were bound on an SPRi sensor. The recombinant protein ligands on the sensor 

enabled the binding of the cells and the subsequent detection of their excreted product. 

By placing single-cell ROIs after the initial binding of the cells we were able to 

distinguish individual cell differences in excretion activity. By further refining this 

method we were able to quantify the individual cell product excretion. We have managed 

to perform quantitative excretion analysis on 53 single EpCAM hybridoma cells and have 

calculated an average production rate of 0.30 pg per cell per hour (SD 0.25), with a 

maximum production rate of 1.19 pg per cell per hour. Because the SPRi apparatus used 

combines imaging with sensing we were able to use sensor surface images created during 

the measurement to compare the results with the sensorgrams. The images show that the 

hybridoma cells were surrounded by halos of excreted product of varying size, confirming 

the single-cell responses seen in the sensorgrams and the notion that individual cells 

might have differences in production rates even though they stem from one and the same 

clone. 
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7 MODELING SINGLE CELL 

ANTIBODY EXCRETION ON A 

BIOSENSOR 

 

Abstract 

We simulated, using Comsol multiphysics, the excretion of antibodies by single 

hybridoma cells and their subsequent binding on a SPRi sensor. The purpose was to 

confirm that SPRi is suitable to accurately quantify antibody (anti-EpCAM) excretion. 

The model showed that antibody loss by diffusion away from the sensor was less than 

1%. Unexpectedly more than 99% of the excreted antibodies were captured on the sensor 

surface. This data proves the remarkable phenomenon that the SPRi output of cellular 

antibody excretion and its subsequent binding, performed under the conditions described 

here, is directly usable for quantification of single cell antibody production rates. 

 

Introduction 

Cells can produce or excrete proteins and other components. We have shown previously 

that Surface Plasmon Resonance (SPR) can detect cell surface antigens [37] and antibody 

excretion by hybridoma cells [39]. We postulated that our Surface Plasmon Resonance 

imaging (SPRi) method can be used for quantifying antibody excretion levels of 

individual cells. This would enable the assessment of the distribution of antibody 

production at the single cell level and provide a tool to, for example, select the most 

optimal conditions for production of therapeutic antibodies. Such a method would require 



SPRi Cytometry 

98  Ivan Stojanović - October 2016 

a high affinity capture surface for binding the proteins that are excreted by the cells, 

ideally this method should be capable of capturing all the produced specific proteins 

without protein loss due to diffusion that would affect quantification. There are ways to 

use SPR for at-line quantification where an SPR machine is connected directly to a cell 

incubator modified with an external pump that feeds cell culture medium with the 

excreted antibody directly into the SPR machine for analysis [97], but other than our own 

method there are no alternatives for accurate label free quantification at the single cell 

level. If it is feasible that all excreted specific antibody molecules can be measured using 

our method then we can quantify the production of antibodies by individual cells and 

measure the distribution of the production per cell.  

In order to gain insight into the degree of loss of the excreted antibody into the 

surrounding medium with respect to the amount that will be captured on the sensor 

surface, we devised a computer model using Comsol multiphysics. In this model various 

parameters e.g. affinity values of the used recombinant protein and produced antibody 

were implemented, in order to make an accurate simulation of the event. The simulation 

was designed to replicate the antibody production per cell attached to the sensor surface 

as reported recently[39]. 

 

Materials and methods 

SPR imaging 

For the SPRi experiments an IBIS MX96 SPR imager (IBIS technologies B.V., Enschede, 

the Netherlands) and Easy2Spot® pre-activated G-type Senseye® sensors (Ssens bv, 

Enschede, the Netherlands) were used. Immobilization of Recombinant Human EpCAM 

(RhEpCAM) (ACRO biosystems, Bethesda, Maryland, USA) protein was performed as 

described previously [39]. The amount of deposited recombinant human EpCAM after 

sensor immobilization was determined by SPRi using a so-called RLL determination 

(Response of the Local Ligand density) prior to any experiments. This RLL determination 

gives the RU value attributable to the immobilization process compared to a non-affected 

reference surface directly next to the immobilized protein. Since the MX96 is calibrated 

in such a way that an output of 1 RU corresponds to 1 pg of bound protein per mm2, this 

RU value can be converted into the exact amount of immobilized protein on the surface. 

The binding capacity of the recombinant human EpCAM (rhEpCAM) protein spots was 

determined by flowing purified VU1D9 anti EpCAM antibody (generously provided for 
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these experiments by Immunicon corp, Huntingdon Valley, PA, USA) over the spots in 

a concentration of 10 μg/ml. Afterwards the analyte response maximum (Rmax) of the 

spot was determined. The Rmax represents the RU value when all immobilized ligands 

are fully covered by the analyte (meaning that no binding of molecules to the ligands can 

occur beyond this value) and is a characteristic value for the analyte binding capacity of 

a spot.  Since we used an excess of antibody as an analyte for this experiment, this value 

represents the maximum amount of antibody that could be bound by the immobilized 

rhEpCAM. For the affinity experiments, the rhEpCAM was immobilized on the sensor 

surface with concentrations ranging from 10 μg/ml to 0.002 μg/ml using a Continuous 

Flow Microfluidic spotter (Wasatch microfluidics LLC, Salt Lake City, Utah, USA). 

After sensor deactivation the anti-EpCAM antibody was injected in a series of diluted 

concentrations ranging from 10 μg/ml to 0.002 μg/ml. Association was carried out for 15 

minutes with a subsequent dissociation of 2 minutes. System and sample buffer was 1X 

Phosphate Buffered Saline (PBS) with 0.003% Tween 20 (Sigma-Aldrich Corporation, 

St-Louis, Missouri, USA). Regeneration of the sensor surface was performed for 1 minute 

with a 50 mM glycine-HCl solution. Determination of the kinetic/affinity values was done 

by analyzing the data in SPRintX software v.1.9.3.2 (IBIS technologies B.V., Enschede, 

The Netherlands). 

 

Computer simulation of cell excretion 

One single “average” VU1D9 hybridoma cell on a SPR sensor was modeled in the 

simulation. The practical experiments were described earlier [39]. We used Comsol 

multiphysics version 4.3b, released June 2013 (COMSOL, Inc., Palo Alto, California, 

USA). The module “Transport of diluted species” represented a convenient way to 

simulate diffusion. It was combined with a mathematical interface on the boundary to 

model the rate of production on the cell surface and subsequent adsorption on the sensor 

surface. To build a simulation in Comsol, first, the geometry needed to be defined. In this 

case, it should be as similar to the flow chamber dimensions as possible. Symmetry in the 

X-Y dimension was applied in order to reduce computation time. The sensor surface is 

the bottom of the modeled flow chamber while it is filled with cell culture medium and 

is heated to 37ºC to keep the cell alive, as was done with the real SPRi experiments. In 

the model the production of antibodies per cell were simulated by considering diffusion 

as described by Fick’s second law of diffusion from a point at the surface. The produced 

antibodies will diffuse in all directions and the part that reach the sensor will eventually 



SPRi Cytometry 

100  Ivan Stojanović - October 2016 

encounter their corresponding antigen and consequentially will be captured. As a 

boundary condition in the model the concentration of diffusing molecules directly at the 

surface is zero. Transport by convection was zero (no flow has been applied) where the 

excretion was quantified. As such antibody transportation is solely by diffusion it can be 

described by: 

 

In this equation c represents the bulk concentration of the antibodies in the medium and 

D represents the diffusion constant in m2/s. D can be described with the Stokes-Einstein 

relation:  

 

The equation shows that diffusion is dependent on the Boltzman constant kB, temperature 

T, viscosity ƞ and the radius of the diffusing particle r [107]. The antibody is produced 

by the cell, which means there is an inflow of concentration P at the cell boundary which 

is dependent on the constant production rate of the cell.  

 

 

 

And:    

The antibodies that are being produced may bind to the antigen, which is immobilized on 

the surface or will diffuse in the surrounding medium. The surface concentration per time 

unit depends on ka (the adsorption rate), cmax (maximum possible adsorbed surface 

concentration), cads (surface concentration adsorbed on the sensor) and kd (The desorption 

rate). This means that antigen-antibody specificity, ligand density on the surface and bulk 

concentration in the medium determine the rate at which the surface concentration 

changes. As antibodies bind to the surface they are assumed to be bound there. The only 

way that the antibodies could enter or leave in the model was through the cell or sensor 

surface. All other boundaries were impermeable nor were they capable of causing a 

binding interaction. [16, 108, 109]. After entering run time and time resolution, we were 

able to compute a numerical solution in Comsol. A 3D-plot of the bulk concentration in 
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conjunction with the surface concentration as a function of time was computed. By 

determining the amount of bound protein on the sensor surface and in the whole volume 

of the flow cell, absolute values of the amounts of bound and unbound antibody could be 

compared. 

 

Results 

SPRi 

After the rhEpCAM was spotted on the sensor surface, the ligand density was determined 

by SPRi using the RLL method. An average ligand density was determined using SPRintX 

software based on the average RU measured by the IBIS MX96. The IBIS MX96 was 

calibrated in such a way that the SPR shift output equals to 1 RU = 1 picogram per mm2. 

The ligand density turned out to be 1.0589 x 10−8 mol/m2. The affinity experiments with 

the purified EpCAM antibody yielded the affinity values that are noted in table 1. The 

average production speeds of the VU1D9 hybridoma cell line were determined previously 

[39].  

 

Computer simulation of excretion 

When using the cell parameters as specified in table 1, the model showed that the amount 

of bound antibody after one hour was the same as was determined in our previous study 

(1.86 x 10-18 mol), where the amount represented the total amount of produced and bound 

antibody by a single cell on the sensor surface. A top down view of the simulation can be 

seen in figure 1. Additionally, the model was also able to calculate the expected amount 

of antibody, which would not be bound and as such disappears in the bulk of the system 

buffer. This amount was 1.67 x10-20 mol. This means that only 0.9% of the produced 

antibody diffuses into the bulk according to the model. 
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Table 7.1: Overview of the parameters used in the Comsol model. 

Parameter Value in SI-units 

Radius of the cell  

Production rate of a single cell  

Adsorption rate constant  

Desorption rate constant  

Capacity of the sensor surface (ligand density)  

Temperature  

Viscosity  

Radius of antibodies  

Height of flow cell  

Width of flow cell  

Maximum amount of captured antibodies  

Weight of antibodies  
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Figure 7.1: Top down view output of the Comsol model. The white circle in the middle represents the cell, the colored halo around it 

represents the bound protein to the sensor surface. The color scale ranges from red (high amount of protein) to dark blue (low amount 

of protein). Insert A shows an actual cell on an SPR sensor upon binding. Insert B shows the same cell with the excreted antibody 

bound on the sensor surface around the cell. 

 

Discussion 

There are some shortcomings in the model. Though we intended to model the loss of the 

produced antibodies, the diffusion constant D which is used in the model assumes that 

the antibodies are spherical. This in reality is not the case, however, the antibodies are 

very small compared to the cells or the domain in which they are modeled and as such 

model behavior should be similar to the reality. For our hybridoma experiments we used 

a hydrogel sensor surface, the model however does not take this into account but assumes 

a flat surface, however the parameters which were used in the model were derived from 

the actual experiments and as such we don’t expect any major differences in the model 

results, relating to the structure of the sensor surface.  
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The model also doesn’t take into account the possibility of an inhomogeneous 

immobilization of the ligand on the sensor surface. The model currently only assumes a 

homogenous ligand surface. However in reality this can considerably influence local 

sensor performance. In our model however we used an average RLL value, which should 

make the models sensor surface performance come as close as possible to reality.  

A major difference between the model and the live experiments is that the model assumes 

that cells have a constant rate of production and this, in reality, is not the case. Hybridoma 

cells have cycles in which they perform certain activities, such as producing antibodies 

and preparing for cell division. So on an individual cell level one can expect that 

production rate will vary. Cells also age and respond to their surroundings (temperature 

fluctuations, buffer effects etc.). All of these factors influence the production rates of 

individual cells and the model in its current state does not account for this. The model 

simulates only a constant production rate. Thus we decided to use the average production 

speed of the VU1D9 producing hybridoma as an input parameter. In our previous study 

we have shown that the VU1D9 producing hybridoma was capable of producing 

antibodies at an average rate of 3.0 pg per cell per 10 hours (approximately on average: 

7.2 pg per cell per day, 0.3 pg per cell per hour, 8.3e-5 pg per cell per minute, 300 antibody 

molecules per cell per minute [39]). The model showed that with higher production 

speeds there would be more protein loss (diffusion into the bulk) and as such, depending 

on the production rates, the SPRi output can possibly not be a reliable value for 

quantification (see table 2). In our model we however did not investigate speeds higher 

than 0.8 pg per cell per hour and as such diffusion into the bulk did not progress to high 

amounts. We choose not to exceed the 0.8 pg speed in the model as on average hybridoma 

cells produce at a lower rate and as such increasing the speeds even higher was deemed 

irrelevant. Since the production speeds are relatively low in our particular case (0.3 pg/h), 

the model shows that with the used affinity parameters and with the production speed 

values of the cell, the diffusion into the bulk is not playing a large role. As such the SPRi 

derived values are accurate enough for quantification purposes of single cell antibody 

excretion levels, especially when considering that literature shows that production rates 

of hybridoma cells approximately fall in the 0.2-0.3 pg per cell region [103-106] which 

agrees with our previous practical findings [39].  

The model further emphasizes that the production speeds are influencing the diffusion 

into the bulk more than the time duration that a production process is being followed (if 

the production speeds stay constant) (see table 3). This would mean that the diffusion into 
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the bulk is heavily influenced by the ability of the ligands immobilized on the sensor to 

anticipate on the produced antibody. If the production is going to fast they will not have 

the opportunity to bind the antibody and as such it will diffuse away into the bulk. Even 

at low production speeds however the capacity of the sensor will reach its maximum and 

diffusion into the bulk will be higher.  

We have to stress however that the results shown here only apply to cases where 

production rates are in the ballpark of our used model cell line and the affinities of the 

proteins involved are comparable. We therefore encourage additional research to be done 

on characterizing and modeling other “producing cell lines” and evaluate the applicability 

of SPR based quantification in their particular case. 
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Table 7.2: Simulated model data at various speeds of production 

Production 

rate of single 

cell (pg/h) 

Antibody 

concentration 

bound on 

sensor surface 

(mol) 

Antibody 

concentration in 

bulk (mol) 

% ratio of antibody 

diffused into the 

bulk 

0.02 1.23E-19 1.12E-21 0.91 

0.05 3.08E-19 2.80E-21 0.91 

0.1 6.17E-19 5.60E-21 0.91 

0.2 1.23E-18 1.12E-20 0.91 

0.3 1.86E-18 1.67E-20 0.90 

0.5 3.16E-18 2.80E-20 0.89 

0.8 3.69E-18 4.47E-20 1.21 

 

Table 7.3: Simulated model data at various time intervals, at a production speed of 0.3 pg per cell per hour. 

Time interval 

Antibody 

concentration 

bound on 

sensor 

surface (mol) 

Antibody 

concentration in 

bulk (mol) 

% ratio of 

antibody 

diffused into the 

bulk 

1 hour 1.86E-18 1.67E-20 0.90 

5 hours 8.83E-18 1.68E-20 0.19 

10 hours 1.94E-17 1.68E-20 0.09 

 

Conclusion 

We created a computer model in which we simulate the production of antibodies by a 

single high producing hybridoma cell immobilized on an SPR sensor surface. By 

implementing affinity and production values of the excreted antibody of the VU1D9 cell 

line, the model was able to accurately simulate the binding process of the anti-EpCAM 

antibody on the sensor surface as a function of time. The simulation that we ran showed 
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that only 1.67 x10-20 mol of produced antibody diffused away from the sensor surface 

into the bulk medium, while 1.86 x 10-18 mol was bound locally on the sensor surface 

after 1 hour. This means that only 0.9% of antibody is lost due to diffusion. Our 

previously performed live experiments and this computer model show that SPRi can 

indeed be used as an accurate single cell antibody production quantification tool. 
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8 DETECTION OF BISPECIFIC 

ANTIBODIES USING SURFACE 

PLASMON RESONANCE 

 

Abstract 

Cell culture supernatants of a bispecific antibody producing CHO cell line were analyzed 

using SPRi. This CHO cell line produces two monomeric (AA and BB) and a single 

bispecific antibody (AB) in a certain ratio. The purpose was to investigate if SPRi could 

be used to distinguish the two monomeric parts of the produced antibodies (AA and BB) 

and if a ratio could be determined of the amount of produced bispecific antibody (AB). 

A new measurement strategy was developed and we successfully could distinguish 

between the two monomeric antibodies using SPRi. The CHO cell line produced anti-

HER2 (0.6 μg/ml) and anti-HER3 (1.8 μg/ml) monospecific antibodies and a nearly 

undetectable amount of bispecific anti-HER2/3 antibody. The affinities of the produced 

antibodies were compared with commercially available anti-HER2 and anti-HER3 

antibodies and were found to be nearly a factor 10 worse than the commercial 

counterparts. 

 

Introduction 

Therapeutic antibodies have in the recent years become more important in the treatment 

of various diseases. Particularly in cancer treatment strategies [110-112], their role is 

progressively increasing as the technology behind the creation of these antibodies is 

improving. Most of the therapeutic antibodies and recombinant proteins used in therapy 

are created using Chinese Hamster Ovary (CHO) cell lines.  
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Traditionally (therapeutic) antibodies are monospecific (mAb’s), this means that they 

recognize one target on for instance the cell surface of a cancer cell[113]. Upon binding 

to a cell surface receptor cell internal processes might get triggered and slow cell 

proliferation down or even initiate apoptosis.  

Alternatively, binding to cell surface receptors might make the cells more “visible” to 

dendritic cells, macrophages and Natural Killer cells (NK-cells), which recognize the Fc 

region of the antibodies and as a result will aid in the elimination of the tumor cell[111]. 

In order to have increased anti-tumor effectivity, generation of bispecific antibodies 

(bAb’s) is being pursued. BAb’s have two target recognition sites, these sites can be 

related to cancer cell detection (such as EpCAM, HER1, HER2 and HER3) or they can 

be related to cytotoxic immune cells (such as CD3). For a producer of bAb’s it can be 

relatively complex and time consuming to accurately determine the ratio of mAb’s to 

bAb’s in a production batch. Here we describe a method based on surface plasmon 

resonance imaging (SPRi) to identify the ratio of bAb’s with respect to the mAb’s of an 

antibody sample.  

 

Materials and methods 

SPRi 

For SPR analysis an IBIS MX96 SPR imager was used (IBIS technologies bv, Enschede, 

The Netherlands). The height of the flow cell was 300 μm. 

 

CFM Spotter 

For ligand immobilization on SPR sensor surfaces the Continuous Flow Microfluidic 

(CFM) spotter was used (Wasatch microfluidics LLC, Salt Lake City, Utah, USA)[29]. 

Ligand immobilization buffer was used to prime the CFM system and to dilute the 

ligands. The immobilization protocol lasted 30 minutes. The CFM spotter with a 6x8 print 

head configuration is capable of spotting up to 48 different ligands onto the sensor in a 

single run simultaneously under back and forth confined flow. The confined back and 

forth flow increases the efficiency of the spotting and avoids the risk of evaporation for 

contact and non-contact droplet based spotting methods. 
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SPR sensors 

Easy2Spot® pre-activated G-type Senseye® sensors (Ssens bv, Enschede, the 

Netherlands) were used as SPR sensor surfaces. The sensors are delivered with a 100 nm 

hydrogel-like layer. This enables higher capacity coupling of ligands in the evanescent 

field and gives the ligands a level of mobility. The sensors are pre-activated for easy 

immobilization without using an additional EDC-NHS activation protocol.  

 

Antibodies and recombinant proteins 

Recombinant human HER2 and HER3 protein (RhHER2 and RhHER3) (R&D Systems, 

Minneapolis, Minnesota, USA), the target proteins of the anti-HER2 and anti-HER3 

antibodies, were used to determine the ratio of bAb’s produced by the different CHO cell 

lines. Purified anti-human HER2 antibody (Immunicon, Huntingdon Valley, 

Philadelphia, USA), anti-human HER3 antibody (Biolegend, San Diego, California, 

USA), anti-human IgG Fc antibody (Biolegend, San Diego, California, USA) and anti-

human serum albumin (HSA) antibody (Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) were used in the experiments. These antibodies were included as respectively; 

two internal (anti-human HER2 and anti-human HER3), a positive (anti-human IgG Fc 

antibody) and a negative (anti-human serum albumin antibody) control. The two internal 

controls were used to verify the injection system and the positive and negative controls 

to confirm the specificity of the analytes. 

 

Ligand immobilization buffer 

A 10mM solution of sodium acetate (NaAc) immobilization buffer with pH 4.5 was made 

using anhydrous sodium acetate (Sigma-Aldrich chemie GmbH, Steinheim, Germany) 

and acetic acid (Merck Schuchardt OHG, Hohenbrunn, Germany). First a 0.2 M stock 

solution was made of both components. Then from these stock solutions 1.93 parts of 

sodium acetate and 3.07 parts of acetic acid were mixed and finally 95 parts of ultrapure 

demineralized water were added. The pH was checked and if needed adjusted to pH 4.5. 
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System buffer 

As system buffer the 1X PBS buffer was used with added Tween-20 (0.0003%), unless 

otherwise noted in the experiment description. 

 

CHO Cells 

CHO cell lines were kindly provided by Merus bv (Utrecht, the Netherlands). These CHO 

cell lines were engineered to produce bAb’s, however efficiency of production is 

currently unknown. The produced antibody sample contains mAb’s (for both HER2 and 

HER3) and bAb’s (recognizing in one single molecule HER2 and HER3). Cells were 

grown according to standard incubation protocol for CHO cell lines at 37°C and 5% CO2 

in T75 type flasks (Greiner Bio-One, Kremsmünster, Austria). ProCHO-5 (Lonza, Basel, 

Switzerland) supplemented with L-glutamine (4mM, Sigma-Aldrich chemie GmbH, 

Steinheim, Germany), Poloxamer 188 (0.1%, Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) and Penicillin/Streptomycin (1%, Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) was used as cell cultivation medium. Every three or four days (depending on 

confluence) the cells were transferred to a new passage according to the CHO cell line 

protocol, which is based on a protocol for cultivation of non-adherent cells. During every 

transfer a 5 ml cell supernatant sample was collected and stored at -80°C, containing the 

produced antibodies for the SPRi measurements. 

 

Deactivation agent 

A 1% Bovine Serum Albumin solution (BSA) (Sigma-Aldrich chemie GmbH, Steinheim, 

Germany) in sodium acetate immobilization buffer was used as a deactivation agent. A 

stock solution of 2-aminoethanol (MP Biomedicals LLC, Illkrich, France) was used to 

create a 100 mM 2-aminoethanol solution with a pH of 8 and used as an extra sensor 

deactivation step after the initial BSA deactivation. 

 

Sensor regeneration agent 

As sensor regeneration agent a 200 mM solution of H3PO4 (Sigma-Aldrich chemie 

GmbH, Steinheim, Germany) was used. Sensor regeneration was performed for one 

minute. 
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Detecting the two recognition sites of the produced bispecific antibody 

RhHER2 and RhHER3 were immobilized on the sensor by serial dilutions with 

concentrations from 10 till 0.31 μg/ml. for analyzing binding of the produced antibodies 

to each of the target proteins individually, anti-HER2 and anti-HER3 (concentration of 

10 μg/ml) for checking the activity of the RhHER2 and RhHER3 proteins, anti-HSA 

(concentration of 10 μg/ml) as a negative control and mix spots of RhHER2 and RhHER3 

(both in a concentration of 10 μg/ml). The collected cell supernatant samples were 

analyzed with consecutive injections of RhHER2 and RhHER3 protein (with 

concentrations of 10 μg/ml), this was done so that the captured antibodies could be 

analyzed for binding both targets (HER2 and HER3). All injections had a 45 minute 

association, an 8 minute dissociation after the supernatant injection, a 4 minute 

dissociation after the recombinant protein injection and a 1 minute sensor regeneration 

time at the end. A separate sensor was prepared with anti-IgG Fc (concentration of 10 

μg/ml) immobilized on it, for capturing the produced antibodies in the cell supernatant 

sample. Interaction times for this sensor were 20 minutes of association for the 

supernatant samples followed by an 8 minute dissociation. The subsequent 2 injections 

per sample run (either with system buffer or with 2.5 μg/ml RhHER2 or 2.5 μg/ml 

RhHER3) had association times of 10 minutes and dissociation times of 4 minutes, 

followed by a 1 minute sensor regeneration. 

 

Determining the concentration of production of the two recognition sites 

To determine the concentration in which the two recognition sites were produced by the 

CHO cell line a calibration curve had to be created by measuring known concentrations 

of purified HER2 and HER3 antibody and determining the slopes of the resulting curves. 

The sensor was prepared by immobilizing RhHER2 and RhHER3 (in a serial dilution 

ranging from 5 till 0.16 μg/ml), anti IgG fc (in a serial dilution ranging from 5 till 0.16 

μg/ml). For the actual measurement purified anti HER2 and HER3 were flowed over the 

sensor surface (in serial concentration range of 2.7 μg/ml till 0.075 μg/ml) as well as 

serial dilutions of cell supernatant sample (ranging from undiluted to a 1/64 dilution). The 

measurement consisted of a set of two injections, for the first injection system buffer was 

used and in the second injection the dilution ranges of the respective samples were 

injected in ascending order.  
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The buffer injection had an association time of 15 minutes with a dissociation time of 4 

minutes. While the analytes had an association time of 5 minutes with a dissociation time 

of 8 minutes and a regeneration of 1 minute at the end. 

 

Determination of affinities 

The affinities of the anti-HER2 and anti-HER3 recognition sites of the CHO produced 

(bispecific) antibody were compared with the purified commercially available anti-HER2 

and HER3 antibody. The values were obtained by flowing RhHER2 and RhHER3 over 

the immobilized purified commercial anti-HER2 and anti-HER3 antibody and over the 

IgG captured CHO produced antibody. The experimental conditions are described in the 

first experiment. The affinities were determined using Scrubber 2.0c software (from 

BioLogic Software Pty Ltd, Campbell, Australia) including the kinetic titration plugin 

and update package to make scrubber compatible with the IBIS MX96. 

 

Results 

Detecting the two recognition sites of the produced bispecific antibody 

To investigate if it would be possible to detect the 2 different recognition sites and the 

bAb in the antibody sample produced by the CHO cell line, RhHER2 and RhHER3 were 

immobilized on a sensor. Figure 1 shows the results of this experiment. During the 

injection of the supernatant sample it becomes clear that the sensor responds as expected, 

The RhHER2 (yellow line) spot achieves the highest response of approximately 1100 

RU, followed by the mixed recombinant protein spot (approximately 600 RU, light blue 

line) and then followed by the RhHER3 spot (approximately 375 RU, green line). Both 

the recombinant protein spots show reactivity with the supernatant indicating that indeed 

both targets are recognized by the produced antibody. Unexpectedly however, is the 

decrease of both of the spots seen in the subsequent injections, here an increase was 

anticipated on the RhHER2 spot when RhHER3 was injected and vice versa, this decrease 

is also seen on the mixed recombinant protein spot. The other spots behave according to 

expectation and respond when they were expected to. The purified antibody spots 

including the purified antibody mix spot (deep red, purple line and light green line) show 

no specific interaction with the supernatant sample (except for some bulk shift) whereas 

they do show specific responses with the subsequent recombinant protein injections. The 

negative control spot (anti-HSA, brown line) shows no reactivity throughout the 
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experiment. A separate sensor was prepared on which anti IgG Fc was immobilized. The 

goal was to investigate if we could capture the CHO cell produced antibodies and see if 

they were able to recognize the two envisioned recognition sites. Figure 2 shows the 

responses of the sensor with anti-IgG Fc immobilized on it. The anti IgG antibody spot 

shows reactivity with the supernatant, which implies that it contains humanized IgG 

isotype immunoglobulins. Clearly indicated by the solid pink line in figure 2 is the fact 

that contained in the supernatant are antibodies that recognize both targets (HER2 and 

HER3) when the subsequent injections consisted of RhHER2 and RhHER3. However 

from this graph it cannot be determined how many of the produced and bound antibodies 

actually are a bAb, as the cells produce also mAb’s which recognize RhHER2 and 

RhHER3 individually in addition to bAb’s which recognize both proteins at the same 

time. Therefore, the graph cannot distinguish if a bAb or mAb is binding. The other lines 

in the plot show no unexpected discrepancies. The HER2 followed by system buffer 

analysis (red dotted line) shows only reactivity with the HER2, whereas the system buffer 

followed by HER3 analysis shows only reactivity with the HER3 (red dashed line). The 

negative analysis (system buffer followed by system buffer, bright red dotted and dashed 

line) shows no reactivity. 
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Figure 8.1: Sensorgram showing the injection of the CHO cell supernatant over the various spots, followed by a RhHER2 and RhHER3 

injection. 

 

 

Figure 8.2: Sensorgram showing the injection of the CHO cell supernatant and the subsequent capturing of the present antibodies by 

the immobilized anti-IgG antibody. The solid pink line shows that both anti-HER2 and anti-HER3 are present in the CHO cell line 

supernatant.  

 

Determining the concentration of production of the two recognition sites 

We wanted to quantify the produced amounts of the HER2 and HER3 recognizing CHO 

generated antibody. For this concentration slopes of known concentrations of 

commercially available HER2 and HER3 antibody are needed. Subsequently the slopes 

of the CHO generated antibody can be determined and the concentration derived. The 

determined slopes of the known concentrations of purified anti-HER2 and anti-HER3 

antibodies are given in table 1. The slopes of the antibody produced by the CHO cell line 

are given in table 2. The slopes of the known concentrations of purified antibodies were 

plotted in calibration plots (see figure 3). The resulting equation of these plots were then 

used to solve x (being the measured slope of the unknown concentration of HER2 and 
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HER3 recognizing antibody of the CHO sample). The best usable slope for the CHO 

antibody concentration determination was obtained with the 4X diluted sample. Solving 

for x and correcting for the dilution factor revealed a concentration of 0.6 μg/ml and 1.8 

μg/ml of HER2 and HER3 recognizing antibody respectively that was produced by the 

CHO cell line. This makes the ratio of produced HER2 and HER 3 recognizing antibody 

respectively 25% and 75%. 

 

Figure 8.3: Concentration curves made based on slope determinations of known concentrations of anti-HER2 and anti-HER3. 

Table 8.1: Table showing the resulting slope values that were determined for known concentrations of anti-HER2 and anti-HER3. 

 

 

Concentration 

antibody (in μg/ml) 

Slope 

anti-

HER2 
anti-HER3 

0.075 0.0519 0.0518 

0.15 0.201 0.134 

0.225 0.283 0.258 

0.30 0.359 0.385 

0.45 0.523 0.576 

0.60  0.749 0.71 

0.90 1.19 0.994 

1.2 1.41 1.22 

1.5 1.88 1.6 

1.8  2.12 1.73 

2.1 2.43 1.9 

2.4 2.65 2.07 

2.7 2.75 2.2 
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Table 8.2: Determined slope values and derived concentrations of anti-HER2 and anti-HER3 produced by the CHO cell line. 

Concentration 

cell 

supernatant 

RhHER2 spot RhHER3 spot 

Slope 

Concentration 

produced 

HER2 

antibody 

uncorrected 

in nM 

Concentration 

in cell 

supernatant in 

nM after 

correction 

(μg/ml in 

brackets) 

Slope 

Concentration 

produced 

HER3 

antibody 

uncorrected 

in nM 

Concentration 

in cell 

supernatant in 

nM after 

correction 

(μg/ml in 

brackets) 

4 X diluted 0.306 0.956 3.82 (0.6) 0.49 2.910 11.64 (1.8) 

 

Determination of affinities 

In order to be able to fully compare the CHO generated HER2 and HER3 antibodies we 

compared the affinities with the commercially available equivalents. Table 3 shows the 

determined affinity values using the Scrubber software. It is clear that the purified 

antibody has a better affinity (KD, the smaller the value the better) compared to the CHO 

generated one for both the recognition sites (HER2 and HER3). The affinity for HER2 is 

about a factor 10 better for the commercial antibody (high pM range) than the CHO 

generated antibody (low nM range). Similarly the performance of the commercial HER3 

antibody is better than the CHO generated antibody. However the ligand densities of the 

commercial antibodies immobilized on the sensor surface were too high to make an 

accurate comparison. 
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Table 8.3: Affinity values that were determined for the commercial anti-HER2 and anti-HER3 and for the CHO cell line produced 

anti-HER2 and anti-HER3. 

Immobilized/captured ligand ka kd Rmax KD 

Anti-IgG captured CHO HER2 antibody (5μg/ml) 2.679 ^5 4.773 ^-4 91.7 1.77 nM 

Anti-IgG captured CHO HER2 antibody (2.5μg/ml) 2.496 ^5 5.217 ^-4 75.3 2.09 nM 

Anti-IgG captured CHO HER2 antibody (1.25μg/ml) 2.164 ^5 6.651 ^-4 48.59 3.07 nM 

Anti-IgG captured CHO HER2 antibody (0.625μg/ml) 1.82 ^5 9.865 ^-4 28.46 5.41 nM 

Commercial HER2 antibody (5μg/ml) 5.52 ^5 1.76 ^-4 439.93 319 pM 

Commercial HER2 antibody (2.5μg/ml) 4.83 ^5 1.863 ^-4 33.51 385 pM 

Commercial HER2 antibody (1.25μg/ml) 4.90 ^5 2.316 ^-4 23.77 474 pM 

Anti-IgG captured CHO HER3 antibody (5μg/ml) 2.367 ^6 6.862 ^-4 49.42 289.9 pM 

Anti-IgG captured CHO HER3 antibody (2.5μg/ml) 2.393 ^6 8.065 ^-4 36.31 336.9 pM 

Anti-IgG captured CHO HER3 antibody (1.25μg/ml) 2.31 ^6 9.558 ^-4 28.40 413.8 pM 

Anti-IgG captured CHO HER3 antibody (0.625μg/ml) 1.445 ^6 1.589 ^-4 12.22 1.099 nM 

Commercial HER3 antibody (10μg/ml) 5.08 ^5 1.0 ^-6 822 1.97 pM 

Commercial HER3 antibody (10μg/ml) 1.30 ^5 1.0 ^-6 3.45 ^3 7.7 pM 

Commercial HER3 antibody (10μg/ml) 2.77 ^5 1.0 ^-6 1.803 ^3 3.61 pM 

 

Discussion 

Originally our intention with these experiments was to investigate whether SPRi is 

capable to detect bispecific antibodies. We received a CHO cell line that was supposed 

to produce bAb’s recognizing both HER2 and HER3. We used the unfiltered supernatant 

of the CHO cell culture as our antibody sample and removed cells by centrifugation. 

Figures 1 and 2 show, that we were able to culture the CHO cell line, as it clearly produces 

an antibody that recognizes RhHER2 and RhHER3. An unexpected observation was that 

when the supernatant was flowed over the sensor surface and captured by RhHER2, the 

subsequent injection with RhHER3 showed a decrease instead of the expected increase 

(if the antibody that was bound would be truly bispecific), the same applies to the 

RhHER3 spot with regards to the subsequent RhHER2 injection. Additionally when 

looking again at the RhHER2 spot, it is clearly noticeable that the subsequent RhHER2 

injection causes a steeper decrease than the RhHER3 injection. This can be explained by 

the fact that the newly injected RhHER2 competes with the immobilized RhHER2 on the 

sensor for the binding site of the antibody, the same can be seen on the RhHER3 spot. 
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This only confirms that the bound antibody truly does recognize either HER2 or HER3, 

since if this would not be the case there would be no competition occurring nor binding 

on the sensor surface for that matter. It appears however that the antibodies, which were 

produced, were not bAb’s but mAb’s of both origin. If a minimal concentration of bAb 

was present then the ratio with respect to the mAb’s was so low that it was completely 

dominated by the mAb’s.  

We have conducted additional experiments with CHO supernatant samples that were 

collected over a longer period of time and pooled, hoping to get a higher amount of bAb’s 

in the sample. The experiments were done under similar conditions as described earlier. 

While analyzing the data extra attention was given to a bAb response by a subsequent 

RhHER3 injection which could cause an increase on the by RhHER2 captured CHO 

produced antibody. Figure 4 shows that at first glance this is not the case because the ratio 

was so low. However figure 5 shows a miniscule bispecific response when the captured 

antibody, which had RhHER2 (blue line) flowed over it, subsequently is used as a double 

reference (meaning that all of the recorded signals there are subtracted from the other 

samples in the analysis). Then the sample where RhHER3 (red line) was flowed over it 

suddenly shows a low intensity binding curve of 4 RU. This is indicative of a nearly 

undetectable amount of produced bAb. Thus therefore it can be concluded that the 

provided CHO cell line produces negligible amounts of bAb. The cell line however does 

produce in relative high amounts mAb’s, which recognize HER2 and HER3.  

The calibration curves in figure 3 were used for the determination of the concentration of 

the 2 recognition sites. The cell line produces the HER3 recognizing variant of the 

antibody in larger amounts. The quality of the actual antibody was also compared to the 

purified equivalents. The CHO produces antibodies had for both recognition sites 

approximately 10 X worse affinity values. The values in the affinity experiment however 

are not perfectly comparable to each other. The order of magnitude of the Rmax values 

deviates too much from each other, which influences the comparability of the data. Ideally 

the experiment would be redone in such a way that both the CHO produced antibody and 

the purified antibodies are first captured on an anti-IgG surface and their concentrations 

tuned so that the Rmax values would be in the same order of magnitude so that the affinity 

values would be more comparable[114]. 
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Additionally, the purified HER3 antibodies that were included in the affinity 

determination lacked any form of dilution gradient, this was unfortunately necessary as 

the diluted spots were rendered useless due to external artifacts on the spot during the 

measurement. Nevertheless, the antibodies produced by the CHO cell line clearly 

recognize HER2 and HER3 but are of inferior quality in terms of affinity compared to 

their purified commercial equivalents. 

 

Figure 8.4: Sensorgram showing no apparent presence of bispecific antibodies in the CHO cell line supernatant. 
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Figure 8.5: Sensorgram showing the same interaction where the blue line was used as a double reference. Apparently a very small 

amount of bispecific antibody is present in the supernatant sample, causing a miniscule 4 RU shift. 

 

Conclusion 

Detection of two separate recognition sites on antibodies produced by one CHO cell line 

is possible with SPRi. Production ratios were determined to be 25% (0.6 μg/ml) for the 

HER2 recognizing antibody and 75% (1.8 μg/ml) for the HER3 recognizing antibody. 

With regards to affinity values the CHO generated antibodies produced a factor 10 worse 

compared to the commercially available mouse hybridoma generated counterparts. 

Although it was generated by the CHO cell line, bispecific antibodies were produced in 

a too low amount to be able to be quantified. 
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9 SUMMARY AND OUTLOOK 
Summary 

This thesis focused on the, thus far, underdeveloped area of SPR cytometry. We have 

successfully established that SPR can be used to give added value to cell analysis by being 

multiplex and being able to measure viable cells label free. In addition, we have also 

established that SPR has the potential to be much quicker for multiplex cell analysis 

compared to the golden standard of flow cytometry.  

We have also explored more unusual potential applications of SPR cytometry by 

monitoring cellular excretion of antibodies by hybridoma cells. We have successfully 

quantified the production rates of these antibodies by single cells. In order to further 

fortify our findings, we have created a simulation model using Comsol Multiphysics 

modelling software in order to model the production process of these antibodies on top 

of an SPR sensor. The model indeed showed that the SPRi output can be used as a reliable 

method for quantifying single cell antibody excretion and therefore in theory could be 

used for high producing cell selection.  

In addition, we have proven to be able to detect apoptosis in cells while being monitored 

in real time. We have first captured the cells on top of the sensor surface based on their 

cell surface maker expression and have then treated the cells with paclitaxel, after a few 

hours we were able to detect a binding signal of cytochrome C (an apoptosis marker) on 

the attached cells.  

In order to further prove the usefulness of SPRi we have investigated if we can use SPRi 

in more specific applications, such as the detection of bispecific antibodies generated by 

CHO cells. We found that SPR was able to detect both the recognition sites that are 

intended to be expressed by the bispecific antibody, but we did not have a high enough 

concentration of bispecific antibody to accurately determine the limits of detection of 

SPRi in this application field. It currently is the intention to optimize the bispecific 

antibody detection method in the near future.  

Lastly, we also showed that SPRi can be used to analyze samples that instead of 

containing whole tumor cells contain tumor derived micro vesicles. SPRi is capable of 

detecting cell surface markers expressed by these vesicles while analysis using flow 

cytometry showed low to negative expression of these same markers on the same vesicles.  
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Outlook 

Throughout the experiments that are described in this thesis, it became apparent that SPR 

cytometry still should be developed intensively in order to fully reveal its potential and 

added value in cellular analysis.  

Nevertheless, SPR also has some unique advantages over other “conventional” 

techniques. In this section of the chapter the short term future of SPR cytometry is 

reflected upon and in which way the shortcomings of the technique might be overcome 

and how its merits will develop even further. Possibly the biggest short coming of SPR 

cytometry is the fact that in the current state of the art a relative large amount of cells is 

needed to detect a decent signal. As can be seen throughout virtually all of the chapters. 

However, in particular in chapter 6 it is shown that SPR can also detect single cell events, 

given if the ROIs are made small enough and placed correctly (where the binding event 

takes, or is intended, to take place). Therefore, we would suggest for the software to be 

developed in such a way that it would be able to detect cellular sedimentation/binding 

events automatically after which a single cell sized ROI (much like the ones used in 

chapter 6) would be placed around a single cell event from which point on the interaction 

with the sensor surface (and the ligands) could be tracked. However, this would require 

the software to be able to discriminate between the individual cells and to be able to detect 

their sedimentation into the evanescent field and assess their binding/interaction. 

Development of such software will drastically decrease the amount of cells needed for an 

SPR analysis. Though one downside of this approach might be that the initial response of 

the single cell binding will not get recorded.  

An alternative way of having the ability of analyzing single cell binding events without 

missing the initial binding interaction would be by lossless recording the raw data of all 

the pixels during the experiment and then have the ROIs placed afterwards and the 

analysis “replayed” in the software, as the data would be recorded uncompressed there 

would be no difference in the resulting sensorgrams. The downside of that approach is 

that the recorded raw data would be many gigabytes (maybe even terabytes) in size, 

depending on the experiment duration. However, this should not be a major problem as 

nowadays terabyte sized hard disk drives are inexpensive and readily available, also after 

careful analysis of the raw data and the extraction of the desired sensorgrams the 

recording could be deleted in order to free up storage space. 
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An innovation also to be considered for the IBIS MX96 platform is the development of a 

multichannel fluidic system, this would allow samples to be flowed over each of the 

ligand spots individually. This would drastically bring down the waste of sample over the 

unspotted area of the sensor as the sample would be directly lead to the spots of interest. 

In addition, this would enable the analysis of several samples simultaneously (if the 

individual sample channels would have their own syringe pump). This would also enable 

the individual flow per spot of various liquids (buffers, chemicals, potential therapeutic 

drugs etc.) over for instance capture cells. This way therapy screening (such as it is 

described in chapter 4) would be more feasible. 

When it comes to the outlook of most the promising applications of SPR cytometry there 

are a few that offer great potential in for the future. The fact that the SPRi platform used 

in this thesis is already suitable for monitoring live cells up to as long as even a few days 

is beneficial for the future adoption of SPR cytometry. No major modifications are needed 

to the platform to easily track not just cell binding but also excretion of compounds by 

(single) cells.  

Some of the most promising applications are: the multiplex characterization of cell 

surface markers, which can (in principle) analyze up to 96 markers of interest on a 

population of cells.  

In addition the screening and quantification of excretion of molecules by (single) cells is 

very promising as this technique can be used by pharmaceutical companies producing 

antibodies to select the highest producing antibody producing hybridoma cell from a 

population of cells. After the selection of the highest producing cell this cell can then be 

isolated and cultivated in the hope that its following daughter cells  have similarly high 

production rates.  

Lastly, a potentially interesting application is the screening of therapeutic antibodies or 

compounds for personalized cancer treatment. In this thesis we have shown that we are 

able to detect specific mechanisms that are initiated in cell apoptosis within just a few 

hours, with this principle in mind we can imagine in the future that an application could 

be developed that uses patient isolated cancer cells that are exposed to various therapeutic 

candidates and SPR cytometry is used to in real time monitor the cell response and to 

identify the therapeutic candidate which most effectively induced apoptosis.  
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