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Abstract 

Anti-phospholipid antibodies (aPL) are a relevant serological indicator of antiphospholipid syndrome 

(APS). A solid-state surface with covalently bound -amine functionalized cardiolipin was 

established and the binding of β2-glycoprotein I (β2-GPI) was investigated either by use of surface 

plasmon resonance (SPR) biosensor, by electrically switchable DNA interfaces (switchSENSE) and by 

scanning tunneling microscopy (STM). STM could clearly visualize the attachment of β2-GPI to the 

cardiolipin surface. Using the switchSENSE sensor, β2-GPI as specific ligand could be identified by 

increased hydrodynamic friction. The binding of anti-cardiolipin antibodies (aCL) was detected 

against the -amine functionalized cardiolipin-modified SPR biosensor (aCL biosensor) using sera 

from healthy donors, APS patients and syphilis patients. Our results showed that the aCL biosensor is 

a much higher sensitive diagnostic device for APS patients compared to previous methods. The 

specificity between β2-GPI-dependent autoimmune- and β2-GPI-independent infection-associated 

types of aPLs was also studied and they can be distinguished by the different binding kinetics and 

patterns.  

 

Keywords:  antiphospholipid syndrome, antiphospholipid antibody, cardiolipin, 

β2-glycoprotein I, phospholipid, surface plasmon resonance  

 

Nonstandard abbreviations: aβ2-GPI, anti-β2-GPI antibodies; aCL, anticardiolipin antibody; aPL, 

antiphospholipid antibody; APS, antiphospholipid syndrome; AUC, area under the curve; BB, 

blocking buffer; BFP, biological false positive; β2-GPI, β2-glycoprotein I; FC, flow cell; FCS, fetal calf 

serum; HBS, HEPES-buffered saline; HRP, horseradish peroxidase; LA, lupus anticoagulant; mAb, 

monoclonal antibody; MW, molecular weight; PBS, phosphate buffered saline; PL, phospholipid; 

ROC, Receiver Operating Characteristic; RU, resonance units; SAM, self-assembled monolayer; SD, 

standard deviation; SLE, systemic lupus erythematosus; SPR, surface plasmon resonance; STM, 

scanning tunneling microscopy; TMB, 3,3’,5,5’-tetramethylbenzidine; VDRL, Veneral Disease 

Research Laboratory; WB, washing buffer    
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1. Introduction 

Although parainfectious anti-cardiolipin antibodies (aCL) were first described in 1906, when 

developing a test for syphilis [1], it took 35 years until cardiolipin was identified as the main 

antigenic structure [2]. This phospholipid (PL) consists of two phosphatidyl glycerols connected via a 

central glycerol (1,3-bis(sn-3´-phosphatidyl)-sn-glycerol). Both lateral glycerols are acylated with 

fatty acids via the primary and secondary hydroxyl groups. The Veneral Disease Research Laboratory 

(VDRL) developed a serological test using cardiolipin for mass screening to control syphilis. The 

application of this test identified groups of people who had positive results for syphilis without 

physical evidence of syphilis infection, the so called biological false positive (BFP) VDRL reactions [3]. 

Further, one third of patients with BFP serological tests were found to have lupus anticoagulant (LA) 

[4]. Today it is known that the reactivity of antibodies responsible for LA and BFP serological tests 

depend on protein targets that bind anionic PL such as cardiolipin, phosphatidylcholin or 

phosphatidyserin. Thus, the aPL from syphilis patients which directly bind to phospholipid [5,6] are 

different from those for LA and BFP. The allocation of patterns of clinical symptoms to the laboratory 

finding of persistently elevated titers of aPL led to the description of the antiphospholipid syndrome 

(APS) [7], often also called Hughes syndrome. This autoimmune disease is characterized by a 

humoral hypercoagulability caused by aPL. As a result thrombosis in both, arteries and veins as well 

as placenta-related obstetrical complications occur. APS can develop as primary disease without 

association with other autoimmunities, whereas a secondary form of APS is found frequently in 

patients suffering from Systemic Lupus Erythematosus (SLE) or other autoimmune disorders. A 

minor fraction of patients with primary APS later develop SLE.. The Sydney classification criteria for 

APS [8] demand at least one clinical and one laboratory criterion. The latter one comprise the 

detection of either LA or anti-cardiolipin (aCL) or anti-β2-glycoprotein I (aβ2-GPI) antibodies and has 

to be confirmed by a second determination performed after 12 weeks.  
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As mentioned above, aCLs in association with APS require the presence of the PL binding serum 

protein β2-GPI (Figure 1a), presumably due to the involvement of β2-GPI in immune complex 

formation [9-11]. This 54 kDa single-chain serum glycoprotein binds to negatively charged PLs with 

high affinity [12] . During the binding event to cardiolipin, β2-GPI undergoes a conformational 

change and converts from a circular to a J-shaped structure [13,14]. This event presumably increases 

the binding capability for aPL. Nevertheless, the role of cardiolipin for the analysis of aPLs in APS 

patients remains a topic of controversial discussion. This is due to the observation that binding of 

aPLs to β2-GPI can also be demonstrated in the absence of cardiolipin [15-17]. 

In previous work it was shown that surface plasmon resonance (SPR)-based assays are auspicious 

tools for autoimmune diagnostics [18,19]. The advantage of the SPR biosensor is the real-time 

gathering of data concerning the association as well as the dissociation phases of antigen/antibody 

interactions. This enables the monitoring of the reactivity of autoantibodies in patient sera to a 

complementary surface-immobilized antigen.  

To gain deeper insights into the role of surface-immobilized cardiolipin for the determination of aCL 

in APS patients, a new surface plasmon resonance (SPR)-based assay was developed. For preparation 

of phospholipid surfaces two main approaches have been described in the literature, the supported 

bilayers and immobilized bilayers or liposomes [20]. In contrast to these well described techniques 

where PLs are immobilized by adsorption, in this work a -amine cardiolipin analogue 1 (Figure 1b) 

was immobilized covalently to a gold surface modified with self-assembled monolayer (SAM) to 

generate a stable and regenerative assay enabling multiple measurements.   

The aims of this study were not only the development and evaluation of the aCL biosensor and its 

comparison with the existing aβ2-GPI SPR assay [18], but also the application of two alternative 

sensor techniques to investigate the specific interaction of β2-GPI and cardiolipin which determines 

the performances of the both SPR assays. 
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2. Materials and Methods 

2.1. Biochemicals 

Gold coated glass slides (SIA Kit Au), the BIAcore amine coupling kit and ethanolamine-HCl was 

purchased from GE Healthcare (Freiburg, Germany). 11-mercaptoundecanoic acid, 11-

mercaptoundecan-1-ol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3,3’,5,5’-

tetramethylbenzidine (TMB) and transferrin were obtained from Sigma-Aldrich (Taufkirchen, 

Germany). Potassium chloride, sodium chloride, potassium phosphate monobasic, sodium 

phosphate dibasic dihydrate and ethanol were purchased from Merck (Darmstadt, Germany). β2-GPI 

was from Scipac (Sittingbourne, UK). Fetal calf serum (FCS) was purchased from PAA Laboratories 

GmbH (Pasching, Austria). 

The -amine cardiolipin analogue 1 was synthesized by the group of Andrew B. Holmes, as 

previously described [21]. 

2.2. Patients 

We studied 21 patients with APS, 21 healthy controls and 10 patients with positive results in the 

VDRL test. All APS patients satisfied the Sidney classification criteria for APS [8]. The serological 

parameters aCL and aβ2-GPI were determined by use of the Alegria system from Orgentec (Mainz, 

Germany). LA was analyzed with the BCS XP from Siemens Healthcare Diagnostics (Eschborn, 

Germany). APS patients and controls were age-matched. The latter were assumed to be free of any 

acute or chronic disease on the basis of a medical and clinical chemistry examination. Each blood 

sample was collected in 10 mL tubes without anticoagulant. After clotting, the samples were 

centrifuged at 1500 × g for 15 min. Sera were collected and stored at -80 °C. The study was approved 
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by the institutional ethics committee of the Klinikum rechts der Isar, Technische Universität 

München. All participants gave written informed consent. No financial compensation was provided. 

2.3. ELISA 

ELISA plates (Nunc PolySorp 96, Thermo Electron LED, Langenselbold, Germany) were coated with 

either cardiolipin or the -amine functionalized cardiolipin (50 µg/mL diluted in ethanol, 30 µL/well) 

over night at 4 °C. After incubation, wells were washed three times with washing buffer (WB: 

phosphate buffered saline (PBS); 2.6 mM KCl, 138 mM NaCl, 10 mM HNa2PO4*2 H2O, 1.8 mM 

H2KPO4, pH 7.2; 100 µL/well), blocked for 1h with 200 µL/well blocking buffer (BB: PBS, 10% fetal calf 

serum), and washed once again with WB. Serum samples were diluted 1:100 in BB and 100 µL of 

each sample was added to wells at each dilution in duplicates and incubated for 30 min at room 

temperature. The wells were washed three times with WB, before 100 µl of horseradish peroxidase 

(HRP) labeled anti-human IgG (or IgM) (Dako, Glostrup, Denmark) were added at a 1:5000 dilution in 

BB, followed by incubation for 1 h. After three times washing with WB, TMB as substrate solution 

was added at 200 µL/well and color was allowed to develop for 30 min. The reaction was stopped 

with H2SO4 (5%) and plates were read for absorbance at 450 nm in an ELISA plate reader (BioTek 

Germany, Bad Friedrichshall, Germany). 

2.4. SPR measurements 

SPR measurements were performed using a BIAcore X (GE Healthcare) device at a working 

temperature of 25 °C. All measurements were performed on SIA Kit Au sensor chips (GE Healthcare). 

The gold surfaces were modified with a self-assembled monolayer (SAM) by incubating the surface 

with a 10 mM solution of 11-mercaptoundecanoic acid and 11-mercaptoundecan-1-ol (6/4 molar 

ratio) in ethanol. The surface was activated by using the BIAcore amine coupling kit and HBS (HEPES-
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buffered saline; 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 500 mM NaCl, 

pH 7.5) as running buffer. After reducing the flow to 1 µL/min, 100 µL of a 74 nM solution of (-)-1-O-

(1´-O-[12´´-Aminododecanoyl]-2´-O-hexadecanoyl-snglycer-3´-yl-O-phosphoryl)-3-O-(1´,2´-di-O-hexa-

decanoyl-sn-glycer-3´-yl-O-phosphoryl)-sn-glycerol diammonium salt (1) (MW: 1357 g/mol) in HBS 

were injected over the specific flow cell (FC 2). The reference cell (FC 1) was prepared under the 

same conditions by injecting 100 µL of a 166 nM solution of human transferrin in HBS as non-APS-

antigenic protein. This concentration of transferrin was chosen to ensure a complete surface 

coverage by the protein in order to decrease unspecific binding. Subsequently, 1.0 M ethanolamine-

HCl, pH 8.5 (10 min) was added to each flow cell to block the remaining activated carboxylic groups. 

Signal differences between the two flow cells were monitored as a function of time (SPR 

sensorgrams), expressed in arbitrary resonance units (RU). For most macromolecules, one RU is 

equivalent to a change in concentration of  1 pg/mm2 on the sensor surface [22]. The binding of 

different concentrations of β2-GPI (1 µM, 0.5 µM, 0.25 µM, 0.125 µM, 0.0625 µM) was investigated 

at a continuous flow (1 µL/min) with HBS as running buffer. The surface was regenerated by a 5 s 

pulse of regeneration solution (50mM NaOH, 1M NaCl). For measuring the biomolecular interactions 

between the sera and the immobilized cardiolipin, a PBS-buffer (2.6 mM KCl, 138 mM NaCl, 10 mM 

HNa2PO4*2 H2O, 1.8 mM H2KPO4, pH 7.6) with 5 % of FCS was used as running buffer. The 

measurements were performed at a continuous flow rate of 1 µL/min conducting 45 µl of diluted 

sera (1:10 with running buffer) over the surface to allow association, followed by a 300 s period of 

buffer injection to monitor the dissociation. After each measurement the biosensor surface was 

regenerated with a 5 s pulse of regeneration solution (50mM NaOH, 1M NaCl).  

All buffers for the biosensor measurements were sterile-filtered using 0.2 µm FP CA-S filters 

(Whatman, Dassel, Germany) and carefully degassed with helium before use. 
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2.5. Scanning tunneling microscopy (STM) measurements 

STM images were obtained either by a in-house Veeco/MI EC-STM consisting of a Nanoscope IIIA 

controller (Bruker AXS, Mannheim, Germany, former by Veeco Instruments) and a PicoSPM STM 

base (Agilent Technologies, Böblingen, Germany, former Molecular Imaging) together with an EC-Tec 

bipotentiostat/galvanostat BP600 and an EC-Tec bi-scangenerator SG600 or an electrochemical 

Veeco Multimode system with the universal bipotentiostat, a combined STM/SECPM head, a 

Nanoscope 3D Controller and the Nanoscope 5.31r2 software. All STM images were taken under in-

situ conditions in HBS in constant current mode (UBias = 100-300 mV, IT=0.2-1nA) using etched Au 

tips insulated with Apiezon wax. All experiments were performed in a PTFE cell with an electrolyte 

volume of 100 - 200 µl and an exposed surface area of 0.13 cm2. The PTFE cell was cleaned with 

Caro’s acid (95-98% H2SO4 and 33% H2O2, volume ration of 1:1, both Merck, pro analysi) and then 

thoroughly rinsed with deionized water prior to each experiment. Image processing was performed 

with WSxM 4.0 [23] and ImageJ [24].  

The gold surface was modified with a SAM as described above. The activation of the carboxyl groups 

was achieved by incubation of the surface with a solution of EDC/NHS (4:1) in deionized water for 1 

h at room temperature. After washing the surface three times with deionized water it was covered 

with a solution of 1 (1 mg/ml) in HBS for 12 h at 4 °C. The surface was then washed again three times 

with deionized water before being covered with a solution of β2-GPI (1 mg/ml) in HBS for 2 h at 

room temperature. Prior to the STM image measurements the surface was washed three times with 

HBS.  

2.6. SwitchSENSE sensor 

Oligonucleotides obtained from IBA (Göttingen, Germany) with a mixed, non-self complementary 48 

bp sequence [25] were used as switchable DNA probes. Circular gold work electrodes of 120 µm 
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diameter and adjacent platinum reference electrodes were deposited on glass substrates using 

standard metallization techniques. Double stranded DNA layers were immobilized on the gold 

electrodes according to a previously described protocol, which is described together with the 

electro-optical measurement setup in references [25,26]. After DNA layer preparation, the double 

stranded DNA layer was dehybridized by rinsing 10 mM NaOH pH 11 for 3 min, and hybridized with 

5’ 1-modified complementary sequences. Thus, the cardiolipin moiety was located at the surface-

distal end of the DNA molecules. Carboxyl-DNA was activated by NHS/EDC and modified with the 

cardiolipin derivative 1. Reaction products were purified by RP-HPLC (C18 Hydrosphere). The 

incubation of β2-GPI (1 µM) was performed in 150 mM NaCl, HEPES 20 mM, pH 7.3, in stopped flow 

for 30 min at room temperature. The frequency responses of DNA switching were compared in 50 

mM NaCl, HEPES (20 mM, pH 7.3).   

2.7. Statistics 

The Analyse-it™ (Analyse-it Software, Leeds, UK) add-in program for Windows Excel was used for 

statistical analysis. Receiver operating characteristic (ROC)–curves were plotted and areas under the 

curves (AUC) as a measure of the differentiation ability ill vs. healthy were determined; p0.5 was 

calculated to check whether the individual AUCs are significantly different from 0.5 [27] and pc 

whether they are significantly different from each other [28]. For ROC analysis, all 21 patients were 

considered to be ill even if negative in the serological analyses of aCL and aβ2-GPI. Optimal cutoff 

values were set to yield a maximum Youden Index (J = sensitivity + specificity – 1). For comparison of 

the ELISA tests, Spearman's rank correlation coefficient rS was determined. 

3. Results  

3.1. ELISA  
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Development of a reusable biosensor for the detection of aCL requires the covalent attachment of 

cardiolipin to a functionalized surface. Therefore a cardiolipin derivative had to be synthesized with 

an amine group at the end of one of the four fatty acid side chains (Figure 1) [21]. To ensure that this 

synthetic derivative still retains its antigenicity, ELISA plates were coated with either cardiolipin or 

the -amine functionalized derivative 1 by physiosorption. Using these assays for determination of 

aCL levels (IgG/IgM) in APS patients as well as in healthy controls, a comparable performance of the 

two compounds was observed. For the IgG-ELISAs, AUC for cardiolipin was 0.837 (p0.5 < 0.0001) and 

0.805 (p0.5< 0.0001) for 1. IgM-ELISAs yielded lower AUCs (cardiolipin: 0.697, p0.5 = 0.0127; 1: 0.658, 

p0.5 = 0.0433) than the respective IgG-ELISAs. AUCs of IgG- and IgM-ELISAs were not significantly 

different from each other (IgG: pc = 0.5914; IgM: pc = 0.5955). The Spearman's rank correlation 

coefficient was rS = 0.78 for the IgG-ELISAs and rS = 0.67 for the IgM ELISAs. (ELISA data shown in the 

Electronic Supplementary Material, Table S1/S2). 

3.2. Immobilization of cardiolipin 

Several publications deal with carboxymethyl dextran hydrogel, modified with lipophilic n-alkyl chain 

anchors (L1 chip, Biacore) being used to capture PL vesicles in order to analyze the binding of 

proteins to lipid surface by surface plasmon resonance [29,30]. The drawback of this non-covalent 

immobilization strategy is the cleavage of the antigen from the surface when regenerating the chip. 

As a consequence, prior to every measurement the PL has to be immobilized again, leading to longer 

analysis time and to a lack of reproducibility of the active surface.  To overcome these problems we 

established planar carboxyl-terminated SAM surfaces, allowing the covalent coupling of the -amine 

functionalized cardiolipin 1 (Figure 2). Modification of the gold surface was visualized by STM (Figure 

3). Figure 3b shows a typical STM image of the SAM modified gold surface decorated by pit-like 

defects, so-called vacancy islands. These pit defects were first observed by Häussling et al. [31]. Later 
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it could be shown that the pits are defects in the Au surface layer, not defects in the n-alkanethiol 

layer [32].  

3.3. Binding of β2-GPI to immobilized cardiolipin 

We first tested the functionality of the 1-coated surface by measuring the binding of β2-GPI. SPR 

sensorgrams for different β2-GPI concentrations (1 µM - 0.0625 µM) showed clear concentration 

dependent signals (Figure 4a), whereas no binding events were observed to transferrin at the 

surface of the reference cell. For visualization, the SAM modified gold surface with immobilized 1 

was incubated for 2 h with a solution of β2-GPI (1 mg/ml) in HBS and then examined by STM (Figure 

4b). The surface image exhibits a dense packing of the proteins, which indicates that the surface is 

functionally structured, with the antigenic sites of the protein being sterically accessible for potential 

autoantibodies. The average size of the single proteins imaged in the STM is 100 × 50 × 20 Å with a 

standard deviation (SD) of 10 %, which is in good accordance with the overall dimensions of the β2-

GPI molecule of 132 × 72 × 20 Å [33,34]. The measured size is slightly smaller than the 

crystallographic. However, one has to keep in mind that STM images always show a convolution of 

the surface topography and its electronic properties, such as conductivity, as well as the surface 

topography of the tip, especially in scanning direction. Therefore, in STM experiments the electron 

transfer pathway is a crucial point for mapping the topography of protein structures. If only the 

amide skeleton is involved in the tunneling process and not all the sidechains, the enzyme appears 

smaller in the STM image than it is in reality [35]. Another point that might be responsible for the 

mismatch of apparent morphology and crystallographic data is the fact that STMs are normally 

calibrated against a monoatomically high Au(111) step in z-direction and against the atomic 

structure of HOPG in x-y-direction, not against a protein calibration standard which would be more 

suitable due to the different conductivity. However such calibration standards are not available. 

Therefore, absolute values should not be overrated. Measured dimensions only describe the 
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apparent topography, which is a convolution of electronic and morphological properties. By 

contrast, no β2-GPI molecules could be detected in the STM image when incubating only the SAM 

modified surface with β2-GPI under the same conditions (data shown in the Electronic 

Supplementary Material, Fig. S1).  

For further characterization of the biospecific interaction between β2-GPI and 1 a new label-free 

technology based on electrically switchable DNA layers was applied. The advantage of the 

switchSENSE sensor is the possibility not only to detect the binding event but also to estimate the 

molecular size of bound ligand molecules. The probes are short (48 bp) DNA molecules which are 

tethered at one end to gold microelectrodes on a chip. The DNAs’ top ends are modified with 

receptors, in this case cardiolipin. By applying alternating electric voltages to the electrodes, the 

charged DNA molecules are dynamically switched between an upright and a reclined conformation, 

as indicated schematically in Figure 5a. This conformational switching process is monitored in real-

time mode by the fluorescence signals emitted from dyes attached to the DNA top ends (Figure 5b). 

The DNA switching can be driven at frequencies exceeding 100 kHz, however DNA velocity is limited 

by hydrodynamic friction damping the oscillation amplitude ΔF (Figure 5b) at high frequencies. The 

maximum achievable DNA velocity can be characterized by the cut-off frequency fc being defined as 

the frequency value for which the switching amplitude ΔF has decreased to 50 % of its low-

frequency value [25]. The cut-off frequency of a DNA layer modified with 1 as receptor is fc = 172 

kHz. After incubation with β2-GPI (1 µM) as ligand for cardiolipin in HBS, a pronounced decrease of fc 

by - 17 kHz can be observed which corresponds to a slowdown of the switching dynamics by app. 10 

%. By contrast, the cardiolipin-negative control layer does not show any response. The 17 kHz 

frequency shift can be attributed to an increase in hydrodynamic friction due to the binding of β2-

GPI to 1-modified DNA. By comparison with previous measurements in which the frequency shift 

was experimentally determined for proteins of different molecular weight [25], the added molecular 

weight at the 1-modified DNA end can be estimated to be  50 kDa. This is in agreement with the 
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expected MW of β2-GPI. Hence, the results obtained by the switchSENSE method confirm the binding 

of β2-GPI to the -amine-functionalized cardiolipin 1. 

3.4. SPR biosensor analysis of APS-patient sera 

Healthy donors showed no aCL-specific activity under optimized SPR sensor conditions (see above). 

The maximum binding signals after injection of diluted sera (1:10) of healthy donors with negative 

syphilis serology under appropriate experimental conditions (PBS with 5 % FCS) was as small as 126 

RU, whereas sera of aCL ELISA-positive APS patients showed values in the broad range of 266 – 1748 

RU (Figure 6a). It is known that the titres of aCL positive APS patient extend over a broad range [18]. 

By setting a cutoff value of 126 RU (Youden Index = 1) [36], we were able to detect aCL in patient 

sera with confirmed APS with 100% diagnostic specificity and 100% sensitivity. Analyzing the same 

set of sera in a routine aCL IgG/IgM ELISA (Orgentec, Germany), the APS patients were detected with 

100% specificity at a sensitivity of 85.7%. Hence, the developed biosensor is more sensitive in 

comparison with the standard ELISA tests used in routine diagnostics. Reproducibility was assessed 

on 3 separate biosensor chips by performing multiple injections of a single APS serum with CL IgG 

ELISA titers of >120 U/ml in the routine ELISA. Each sensor surface was stable for 15 measurements 

with a SD of 3.6 % for the maximum binding measured at the end of the association. Chip-to-chip 

reproducibility has a SD of 2.6 %. (SPR data are shown in the Electronic Supplementary Material, Fig. 

S2/S3). 

A primary problem using cardiolipin as the antigen in immunoassays for APS is the presence of 

parainfectious aCL. Therefore we also tested sera from syphilis patients with positive VDRL test in 

the SPR biosensor and, as it was observed in the ELISA, a significant binding to cardiolipin could be 

detected (Figure 6b).   
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In contrast to the ELISA which does not allow reliable differentiation of affinity and avidity of 

antibody binding, the SPR biosensor device allows resolution of association and dissociation phases 

to monitor the reactivity of antibodies in patient sera to surface-immobilized cardiolipin. We could 

show that it may be possible to distinguish patients with APS and syphilis by assessing the profile of 

the binding curve (Figure 6): The aCL found in APS patient sera showed a higher association rate, 

whereas the ascending dissociation curves of the aCL from VDRL positive sera point to rebinding 

phenomena often seen in low affine IgM antibodies. Comparing the ratios of the resonance units at 

the beginning of dissociation (285 s) and after a dissociation phase of 100 seconds (385 s), the values 

for APS patients are lower than 100 %, whereas for patients with syphilis the values are higher than 

100 % (data shown in the Electronic Supplementary Material, Fig. S4). This points to the 

predominance of a highly refined IgG autoantibody type in APS. 

3.5. aCL biosensor vs. aβ2-GPI biosensor 

Previously we reported the development of a SPR biosensor for the detection of aβ2-GPIs in APS 

patient serum [18]. Although we were able to detect the respective autoantibodies against 

immobilized β2-GPI, further experiments showed that the assay performance strongly depends on 

the β2-GPI preparation used [37]. The same set of patient and healthy control sera tested in the aCL 

SPR system presented herein were also investigated with the aβ2-GPI assay. As in the aCL SPR assay, 

sera of healthy controls showed no binding to the surface-immobilized β2-GPI (Figure 6c). When 

applying a cutoff value of 17 RU (Youden Index = 0.49), the APS patients were detected with 96.8 % 

specificity at a sensitivity of 52.4 %. As shown in prior work, VDRL positive patients showed no 

binding to the aβ2-GPI biosensor [18]. 
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4. Discussion 

The specific interaction of β2-GPI with surface-immobilized -amine cardiolipin was investigated 

using two different biosensor approaches (SPR and a switchable DNA layer sensor) and visualized by 

STM. Additionally, the functionalized surface employed in a SPR biosensor system allowed the 

detection of aCL in APS-affected patient sera. The results were compared with routine ELISA tests as 

well as with the aβ2-GPI biosensor previously reported [18].  

In contrast to established analytical methods, the label free SPR technique allows monitoring of 

antigen-antibody interactions in real time. The pivotal step in the development of regenerative solid-

state biosensor surfaces is the covalent immobilization of the antigen (cardiolipin) on the gold 

support. As the native structure of cardiolipin contains no suitable functional group for covalent 

immobilization, it must be functionalized by chemical synthesis [21]. The amine group introduced at 

the end of one of the fatty acids (substance 1) allowed directed covalent immobilization on the 

carboxyl groups of the SAM modified gold surface (Figure 2). Changing the molecular structure of a 

substance, however, can affect biological characteristics. To ensure that the modification did not 

affect the biological activity of 1, the performance was tested in an aCL ELISA and compared with the 

ELISA using unmodified cardiolipin as the antigen. Statistical analysis revealed no significant 

difference in the diagnostic efficiency between the assays. This proved that the functionalization did 

not impair the biological function of the -amine cardiolipin analogue.  

Besides a potentially altered molecular structure, the covalent surface immobilization can also affect 

the antigenic characteristics of the PL. STM and switchSENSE were used for characterization of the 

chip surface and for investigation of the binding of β2-GPI to the immobilized cardiolipin. STM allows 

the imaging of surfaces down to a single-molecule level. The modification of the gold surface by SAM 

as well as the bound β2-GPI on the covalently immobilized 1 could successfully be visualized (Figure 

3, 4b). Furthermore the switchSENSE technology based on electrically switchable DNA layers was 
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used not only to detect the binding event but also to estimate the molecule weight of the bound 

target ligand [25,26]. The observed shift of the frequency signal after incubation with a solution of 

β2-GPI corresponded to a mass change of  50 kDa, the MW of β2-GPI (Figure 5). Measuring the 

binding of β2-GPI to cardiolipin at different concentrations with SPR, the sensorgrams showed a 

clear concentration dependency (Figure 4a), whereas no binding was observed to transferrin on the 

reference cell. From these results it can be concluded that the 1-modified surface is suitable for 

detecting the specific binding of β2-GPI in a concentration dependent manner.  

An important demand for the aCL SPR biosensor is the ability to differentiate sera from APS patients 

and healthy control subjects. The use of a cutoff value of 126 RU in the SPR biosensor assay offered 

high specificity (100%) at equaly high sensitivity. In comparison the ELISA used in routine showed 

same specificity but was less sensitive (85.7%). Additionally, the behavior of sera from syphilis 

patients in our assay was examined. As expected we could observe positive results for all these sera. 

As the biosensor allows resolution of association and dissociation phases we speculate that it might 

be possible to discriminate between the different diseases on the basis of the shapes of the binding 

curves, which were caused by different binding kinetics. This phenomenon can be explained by the 

fact, that aPLs in APS belong to β2-GPI-dependent autoimmune-, whereas aPLs in syphilis belong to 

β2-GPI-independent infection-associated types [38,39].  

We previously developed a SPR biosensor for the detection of aβ2-GPI antibodies [18]. Testing the 

sera of the same patients (APS and syphilis) and healthy controls in this study, the aβ2-GPI assay was 

less sensitive (52.4 %) in comparison to the aCL SPR assay. In both assays β2-GPI is the main 

antigenic substance, but binding to surface-immobilized 1 allows optimal orientation of β2-GPI to be 

recognized by aPLs. The higher sensitivity of the aCL SPR assay is therefore conclusive. Cardiolipin, 

however, is not only involved as the antigenic structure in APS but also in many other diseases with 

parainfectious aPL (e.g., infection with parvovirus B19) [40,41] making the aCL method less specific. 
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Only the combination of the chips for aβ2-GPI and aCL achieves the clinically required sensitivity and 

specificity for the detection of aPL in APS patient sera. 

5. Conclusion 

In summary, switchSENSE and STM functionally revealed that -amine cardiolipin modified surface 

was suitable for detecting the specific binding of β2-GPI. It can also be demonstrated that the SPR 

biosensor with covalent attached functionalized cardiolipin was a suitable method for aPL 

measurements in patient sera. This biosensor-based analytical assay system offers relevant 

diagnostic advantages compared with conventional ELISA formats. It shows higher sensitivity and 

additionally allows analysis of binding kinetics and affinities. The latter data may enable 

differentiation between APS and other diseases where parainfectious aPLs are involved as well. This 

overcomes the drawback of lower specificity when using aCL in comparison to aβ2-GPI assays 

leading to a highly sensitive and specific diagnostic approach for APS.  
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Figures 

Fig. 1 Structures of the two main antigens used for the SPR-Assays: a: β2-glycoprotein I; b: amine 

functionalized cardiolipin 1 [21] 

Fig. 2 Covalent immobilization of antigens on a SAM modified gold surface 

Fig. 3 Successful modification of the gold surface with a self assembled monolayer imaged by STM. a: 

blank gold surface; b: gold surface after 12 h incubation with a 10 mM solution of 11-

mercaptoundecanoic acid and 11-mercaptoundecan-1-ol (ratio: 6/4) in ethanol 

Fig. 4 a: Sensorgrams of the aCL SPR biosensor for different concentrations of β2-GPI (1 µM, 0.5 µM, 

0.25 µM, 0.125 µM, 0.0625 µM); b: STM imaging of the SAM/1 surface after incubation with β2-GPI 

Fig. 5 Detection of β2-GPI by the switchSENSE sensor. a: Schematic illustration of electrically 

switchable DNA molecules, oscillating in an applied ac field. The DNA top end is modified with a 

fluorescence dye (Cy3) for detection, and with CL receptors for β2-GPI binding. b: Electric potential 

(top panel) applied to gold microelectrodes and Cy3 fluorescence emission (bottom panel) from the 

switching DNA layer. The fluorescence is high when the DNA stands and low when the DNA lies on 

the surface, because the Cy3 emission is quenched in proximity of the gold. c: Maximally attainable 

switching frequency (cut-off frequency fc) for CL-modified DNA layers and reference DNA layers 

without CL before and after the incubation with β2-GPI. Column heights are normalized to fc, before 

values, numbers denote the measured fc values 

Fig. 6 SPR analysis. a: aCL SPR assay of APS patients (orange) and healthy controls (blue); b: aCL SPR 

assay of VDRL positive patients (green) and healthy controls (blue); c: aβ2-GPI assay of APS patients 
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(orange) and healthy controls (blue); D: aβ2-GPI assay of VDRL positive patients (green) and healthy 

controls (blue) 
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