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I. Abbreviations 

µm   micrometer 

Ab   antibody 

AC   alternating current 

ACPA   anti-citrullinated peptide antibodies 

AFM   Atomic Force Microscopy 

AHA   American Heart Association 

ARVC   Arrhythmogenic Right Ventricular Cardiomyopathy 

C   mass sensitivity constant, 17.7 ng Hz-1for a 5 MHz crystal 

CHO   Chinese Hamster Ovary 

CLSM   Confocal Laser Scanning Microscopy 

CRT   cardiac resynchronization therapy 

DCM   Dilated Cardiomyopathy 

DMEM  Dulbecco’s Modified Eagle Medium 

DNA   deoxyribonucleic acid 

ELISA   Enzyme-linked Immunosorbend Assay 

F   force 

FBS   fetal bovine serum 

FcγR   Fc gamma receptor 

HCM   Hypertrophic Cardiomyopathy 

HEK   Human Embryonic Kidney cells 

HLA   Human Leukocyte Antigen 

HNA   Human Neutrophil Antigen 
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Hz   hertz, is the unit of frequency  

IA   immunoadsorption 

ICD   implanted cardioverter defibrillator 

Ig   Immunoglobulin 

IgG   Immunoglobulin G 

k    cantilever spring constant  

LAM   lipoarabinomannan 

LV   left ventricle 

LVAD   left ventricular assist device 

Mtb   Mycobacterium tuberculosis 

n   overtone number 

NaCl   sodium chloride 

nm   nanometer 

nN   nanonewton 

Pa   Pascal 

PBS   Phosphate Buffered Saline 

PCR   Polymerization Chain Reaction 

QCM-D  Quartz Crystal Microbalance with Dissipation monitoring 

R   radius of the microspheres 

RA   Rheumatoid arthritis 

RCM   Restrictive Cardiomyopathy 

ROCM  recent-onset cardiomyopathy 

RV   right ventricle 
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s   cantilever deflection 

SD   standard deviation 

SDS   sodium dodecyl sulfate 

SE   standard error 

SPM   Scanning Probe Microscopy 

t   time 

TRALI   Transfusion Related Acute Lung Injury 

vs   versus 

WHO   World Health Organization 

YM   Young’s modulus  

α   cantilever sensitivity 

δ   indentation of the cell  

∆D   change in energy dissipation 

∆f   change in frequency 

∆m   change in mass 

ν   Poission’s ratio 
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IV. Summary 

Dilated cardiomyopathy (DCM) is a myocardial disease primarily characterized by 

enlargement of the left ventricle and systolic dysfunction. Disturbances in humoral immunity 

have been implicated in the development of DCM, and various cardiac-specific 

autoantibodies have been identified in DCM patients. These autoantibodies are able to bind 

with their Fab-part to the antigen and it is believed that they crosslink through their Fc-part to 

FcγRII inducing a negative inotropic effect. In this thesis the interaction of autoantibodies 

with cardiomyocytes, the predominant cell type in the heart besides fibroblasts, were 

analyzed.  

First, it was investigated using Quartz Crystal Microbalance with Dissipation monitoring 

whether anti-FcγR-antibodies bind to cardiomyocytes. In a comparative study proving the 

binding of anti-FcγR-antibodies to transfected Human Embryonic Kidney cells, highly 

expressing the FcγRII on their surface, it was shown that anti-FcγR-antibodies bind also to 

cardiomyocytes. This indicates that cardiomyocytes potentially express FcγRII on their 

surface. 

Second, the mechanodynamics (stiffness and contractility) of cardiomyocytes in the presence 

of anti-FcγR-antibodies was analyzed using Atomic Force Microscopy. Incubation of anti-

FcγR-antibodies with cardiomyocytes induced significant cell stiffening. Moreover, blocking 

the specific binding of anti-FcγR-antibodies to cardiomyocytes did not influence the 

stiffening of cardiomyocytes. In addition, no biological change in contraction was shown by 

incubation of anti-FcγR-antibodies with cardiomyocytes.   

This work probes the interaction of anti-FcγR-antibodies with cardiomyocytes and their 

influence on the cell mechanodynamics (e.g. cell stiffness) and it might be relevant for 

understanding the pathogenesis of DCM and other autoimmune diseases, opening therefore 

new research fields. 
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1 Introduction 

Autoimmune diseases 

Our immune system has a main function: to protect us from infectious agents [1]. Normally, 

immune responses against bacteria and viruses remove these intruders and protect own tissues 

and cells. However, sometimes the immune system fails and recognizes own structures as 

foreign (self-antigens) and starts attacking them. Immune responses directed to self-antigens 

may lead to autoimmune diseases and are characterized by tissue damage [2].  

Autoimmune diseases result from the breakdown of the mechanisms of self-tolerance [2] and 

therefore, lead to an immune response against self-antigens (auto-antigens) [3]. Autoimmune 

diseases can be classified into clusters that are typically either organ-specific (restricted to 

specific organs of the body) or systemic (many tissues of the body are affected) [2]. Systemic 

autoimmune diseases tend to become chronic because the auto-antigens can never be cleared 

from the body [2].  

Some of the most frequent autoimmune diseases are: 

• Rheumatoid arthritis (autoreactive T cells directed against antigens of joint 

synovium lead to joint inflammation and their destruction causing arthritis [2]. 

Moreover, anti-citrullinated peptide antibodies (ACPA) are present in the sera of 

patients with Rheumatoid arthritis (RA) and ACPA detection is used for 

diagnosing RA [4, 5]). 

• Diabetes Type-1 (autoreactive T cells directed against pancreatic islet cell 

antigens lead to destruction of pancreatic islet β cells and therefore, subsequently 

terminate the production of insulin [2]). 

• Dilated Cardiomyopathy (some autoantibodies against cardiac antigens have 

been identified but their functional role is still unclear [6]). 

 

Dilated Cardiomyopathy: Classification and Causes 

The heart is the most important organ, keeping us alive by pumping blood through the blood 

vessels of the circulatory system. The blood transports the oxygen and nutrients to the body. 
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The heart is divided in four chambers: upper left and right atria and lower left and right 

ventricles (Fig. 1). 

Dilated cardiomyopathy (DCM) is a heart muscle disease characterized by progressive 

reduction of myocardial contractile function [7] and an enlargement of the left or both 

ventricular chambers [8] (Fig. 1).  

 

Fig. 1: Dilated cardiomyopathy-diseased heart (on the left side) versus normal heart (on the right side). 

Illustration of DCM (diseased heart) showing a dilated left atrium (LA) and left ventricle (LV). SVC – superior 
vena cava, IVC – inferior vena cava, IVS – interventricular septum, RA – right atrium, RV – right ventricle. 

Reproduced with permission [9]. 
  

DCM belongs to a heterogeneous group of diseases, cardiomyopathies [10]. Over the last 

years, the definitions of cardiomyopathies were updated from time to time. 

In 1980, the World Health Organization (WHO) defined cardiomyopathies as myocardial 

diseases of unknown cause [11]. There was a general lack of information about causality and 

basic disease mechanisms [10, 11]. Cardiomyopathies were classified as dilated 

cardiomyopathy, hypertrophic cardiomyopathy and restrictive cardiomyopathy [11].  

Later in 1995, an updated WHO definition was given, with cardiomyopathies being defined as 

diseases of the myocardium associated with cardiac dysfunction [12]. They were classified as 

dilated (DCM), hypertrophic (HCM), restrictive (RCM) and arrhythmogenic right ventricular 

(ARVC) cardiomyopathy as well as unclassified cardiomyopathies [12].   

In 2006, the American Heart Association (AHA) defined cardiomyopathy as a heterogeneous 

group of diseases of the myocardium associated with mechanical and/or electrical dysfunction 

usually with ventricular hypertrophy or dilatation [10]. As a consequence of the dilated heart 

in DCM, the pumping capacity decreases and less blood is pumped into the cardiovascular 

Diseased heart in dilated 
cardiomyopathy 
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system. This results in fatigue, breathlessness [13], arrhythmias, thromboembolism and 

sudden or heart failure-related death [10]. DCM can have several causes: it may be (1) 

idiopathic, (2) familial/genetic, (3) viral and/or immune or alcoholic/toxic, but frequently 

being genetic [10]. Cardiomyopathies are classified as primary (genetic, mixed [genetic and 

non-genetic], acquired) or secondary (infiltrative, toxic, inflammatory) [10, 13]. Primary 

cardiomyopathies are confined to the heart muscle whereas secondary cardiomyopathies show 

pathological myocardial involvement as part of generalized systemic disorders, often leading 

to cardiovascular death or progressive heart failure-related disability [10]. As per described 

classification, DCM belongs to primary (mixed) cardiomyopathies, because they are 

predominantly confined to the heart muscle [10]. 

The main cellular constituents of the heart include cardiac fibroblasts and cardiomyocytes 

[14]. The shape of cardiomyocytes is elongated, typically 100-150 µm in length and 20-35 

µm in width [15]. Most of them have one nucleus, occasional they have two nuclei [16]. The 

contractile myofilaments (actin, myosin and associated proteins) are packed together to form 

the familiar striated myofibrils that fill most of the cells [15]. Cardiomyocytes have many 

mitochondria [16], which supply them energy to contract continuously. Cardiomyocytes are 

connected among each other by intercalated disks at the blunted end of each cell [15]. Three 

types of cell junction connect the disk membranes – gap junctions, fascia adherens and 

desmosomes. They act in concert to integrate cardiac electromechanical function. The action 

potential will be transmitted through the gap junctions [15]. 

 

Autoantibodies in DCM 

Different circulating autoantibodies have been identified from blood samples of patients with 

DCM but their functional role is still unclear [6]. They are directed against, e.g.: 

• Mitochondrial proteins [7]: e.g. adenine nucleotide carrier, pyruvate dehydrogenase, 

flavinylated protein [17] 

• Calcium channel [6] 

• Sarcoplasmic reticulum [6] 

• Heat-shock proteins: e.g. Hsp70, Hsp60, Hsc70 [17] 

• Membrane receptors: e.g. β1-adrenergic receptor [18], troponin I [17], muscarinergic 

receptor [7] 
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• Na-K-ATPase [19] 

 

Role of Fcγ-receptors in DCM 

Previously, Staudt et al. showed by immunofluorescence staining that isolated rat 

cardiomyocytes express a subclass of Fcγ-receptors (FcγR) on their surface, namely Fcγ-

receptor IIa (FcγRIIa) [20] (Fig. 2). Specificity of the antibody-binding was given by positive 

staining of rat leukocytes expressing FcγRIIa on the cell surface and negative staining of 

fibroblasts that did not express this receptor.   

 

 

Fig. 2: Fcγ-receptor type IIa on rat cardiomyocytes. 

FcγRIIa-antibodies were detected on rat cardiomyocytes by staining positive with anti-FcγRIIa-antibodies (a) 
but not with anti-FcγRIIb and anti-FcγRIIb/IIc (b, c). Rat leukocytes stained with anti-FcγRIIa-antibodies were 
used as positive control subjects (d). Fibroblasts stained with anti-FcγRIIa-antibodies served as negative control 
subjects (e). Modified with permission [20]. 
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 Staudt et al. showed that DCM immunoglobulin (Ig) autoantibodies bind to this identified 

Fcγ-receptor. Furthermore, the authors indicated that the autoantibodies bind simultaneously 

with their Fab-fragment (the antigen-binding fragment of an Ig molecule, containing the 

variable regions of both light and heavy chains) to the antigen and with their Fc-fragment (the 

crystallizable fragment of an Ig molecule composed of the constant regions of the heavy 

chains and responsible for binding to antibody receptors (Fc receptors) on cells and the Clq 

component of complement) to the FcγR, expressed on the cell surface [20]. The Fc-part might 

then trigger a negative inotropic effect (reduction of cardiomyocyte contractility) [20, 21] 

(Fig. 3). The FcγRIIa can induce an activating signal via its cytoplasmic domain [20]. 

 

Fig. 3: Negative inotropic effect. 

Intact IgG of DCM patients induced negative inotropic effects by binding with their Fab-part to the antigen on 
cardiomyocytes and with their Fc-part to the FcγRIIa on cardiomyocytes (A). The F(ab´)2 fragments of these 
antibodies and Fc-fragments of normal IgG inhibited the effect of intact DCM IgG (B, C). A negative inotropic 
effect was induced by incubation of cardiomyocytes with DCM F(ab´)2 fragments and goat anti-human F(ab´) 
IgG (D). Reproduced with permission [20]. 

 

Fc receptors are found on many immune cells [22]. They bind antibodies via the constant 

region of the heavy chain (Fc-fragment) [23-25] and are important in determining the 

response of leucocytes to deposited immune complexes [26]. The Fc receptors are classified 

into different groups based on the type of Ig that they recognize. For example, the Fc gamma 

receptors (FcγRs) recognize immunoglobulin G (IgG). The FcγRs belong to the 
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immunoglobulin superfamily and are type 1 transmembrane proteins [27]. Type 1 

transmembrane proteins pass the membrane only once and have their N-terminal (amino-

terminal) domain in the extracellular space [25]. FcγRs can be subdivided into different 

classes - three classes have been described in humans: FcγRI (CD64), FcγRII (CD32), 

FcγRIII (CD16) [28] (Fig. 4). The four different human IgG subclasses (IgG1-IgG4) [29] bind 

to FcγR members with varying affinity and specificity [25, 28]. Each IgG subclass has a 

unique binding profile to each FcγR. Therefore, a major difference is that IgG1/IgG3 interact 

efficiently with most FcγR, whereas IgG2/IgG4 show reduced affinity to a number of FcγR 

[29]. Thereby, a single cell can express many different types of FcγRs [24]. 

 

Fig. 4: The FcγR family from mouse and human. 

Comparison of the mouse and human FcγR family. The mouse FcγR family is subdivided in four members: 
FcγRI, FcγRIII, FcγRIV and FcγRIIb. The human FcγR family is subdivided in three members: FcγRI, FcγRII 
and FcγRIII. Orthologous proteins corresponding to the mouse FcγRs have been identified in other mammalian 
species. Mouse FcγRIV seems to be orthologue of human FcγRIIIa and mouse FcγRIII is most closely related to 
human FcγRIIa. Despite these similarities, there are some differences. For example, human FcγRIIa contains an 
ITAM in its intracellular domain, whereas mouse FcγRIII does not but is associated with a γ chain that contains 
an ITAM. Reproduced with permission [25]. 

 

The FcγRIIa and FcγRIIb exhibit nearly identical extracellular domains, given a 93% 

homology of their two extracellular domains [27, 30]. Despite the extracellular homology, 

they differ in one important characteristic: the FcγRIIa contains an immune receptor tyrosine-

based activation motif (ITAM), promoting immune functions, whereas FcγRIIb contains an 
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immune receptor tyrosine-based inhibition motif (ITIM), which can inhibit immune functions, 

in its intracellular domain [23, 25, 27, 31]. FcγRs that contain an ITAM in their intracellular 

domain are called activating FcγRs and those that contain an ITIM are called inhibitory 

FcγRs. These two classes of FcγRs function in concert and are usually co-expressed on the 

cell surface [23]. An activating FcγR usually consist of a ligand binding alpha (α) chain, 

which is required for specific recognition. Some activating FcγR also consist of a second 

chain, the gamma (γ) chain required for signal transduction (e.g. human FcγRI, human 

FcγRIIIa/ FcγRIIIb and the rat FcγRIIa) [25, 31]. These two motifs (ITAM, ITIM) are present 

on the α chain or on the associated γ chain [32] depending on the species. The rat FcγRIII is 

homologue to the human FcγRIIa and mouse and rat FcγR are also homologue [33] (Fig. 5). 

This allows the transfer of the mouse FcγRIII with its FcRgamma chain to the rat FcγRIII 

[28]. Rat FcγRIII will be used as an equivalent to the human FcγRIIa.  

 

Fig. 5: Genomic organization of the Fc-receptor genes. 

The genomic organization of the Fc-receptor locus in mouse, rat and human is shown according to the ensemble 
database. Colors indicate genes that are orthologous. Reproduced with permission [33]. 

 

For the FcγRIIa two co-dominantly expressed alleles have been described: H131 and R131 

[21, 34]. They differ from each other in its amino acid at position 131 (histidine [H] or 

arginine [R]) and consequently influence the binding of the receptor to the IgG Fc-fragment 

[21, 34]. Recently, Staudt et al. showed that the polymorphic variability of the FcγRIIa 

influences the clinical effects of immunomodulatory therapy as showed by immunoadsorption 

(IA) with subsequent IgG substitution (IA/IgG) [21]. Patients expressing the low-affinity 

R/R131 genotype improved significantly in left ventricle (LV) function in response to IA/IgG 

compared to patients expressing the high-affinity H/H131 or the mixed R/H131 genotype. 

This is explained by the fact that antibodies dissociate more easily from low-affinity 
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receptors. In patients with the high-affinity receptor low levels of residual antibodies after IA 

therapy are still able to crosslink the FcγRIIa on cardiomyocytes [21].  

 

Treatment options of DCM 

It is considered that autoantibodies play an active role in the pathogenesis and progression of 

DCM [35]. Elimination of those antibodies is expected to improve cardiac dysfunction [6]. In 

the past, removal of circulating antibodies by IA has been successfully employed for 

autoimmune diseases like Goodpasture’s syndrome (remove antiglomerular basement 

membrane antibodies [36, 37]) and lupus erythematodes [8] (anti-dsDNA antibodies [38, 39]). 

For the latter, the circulating autoantibodies were eliminated by therapeutic IA showing an 

improvement of cardiac function in these patients [8] and as already mentioned above it was 

shown, that the effect on LV function induced by IA/IgG varied among genotype subgroups 

of FcγRIIa polymorphism [21]. The therapeutic IA could be a promising additional treatment 

option to improve dilated cardiomyopathy.  

Further specific treatments to improve dilated cardiomyopathy are known. The primary aim 

of treatment is to control symptoms and to prevent disease progression and complication [40]. 

The treatment is limited to the developed symptoms and includes drugs such as angiotensin 

receptor blocker, β-adrenoreceptor blockers and aldosterone antagonists [13, 41]. The 

treatment should also follow a lifestyle change including reduced alcohol consumption, 

weight loss, exercise, smoking cessation [13]. The use of device therapies (cardiac 

resynchronization therapy (CRT) [42], implanted cardioverter defibrillator (ICD) [41] and left 

ventricular assist device (LVAD)) have contributed to improved survival [42, 43]. As a last 

resort treatment, DCM is the most common reason for cardiac transplantation in adults and 

children [44] and in patients with intractable heart failure symptoms and end stage disease 

[40]. 

 

Latest research in DCM 

The aforementioned results from Staudt et al., in particular, the indication of FcγRIIa 

expression on cardiomyocytes [20, 21], has led to the idea to further investigate the influence 

of autoantibodies to FcγR potentially expressed on cardiomyocytes. Animal models are used 

to study autoimmune diseases [1]. Rat immunization is important for example in the study of 
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DCM. In order to induce experimental immune cardiomyopathy, adult male rats were 

immunized against an epitope present within the external loop of both the FcγRIIa and 

FcγRIIb [45]. First, the animals developed anti-FcγRII antibodies followed by left ventricular 

dilatation and dysfunction over time - symptoms that are characteristic for DCM in humans. 

Dr. Yvonne Reinke (Department of Internal Medicine B, Cardiological Research Laboratory, 

University Medicine Greifswald, Germany) could demonstrate that antibodies (FcγR-

antibodies) purified from serum of rats actively immunized against an epitope present within 

the external loop of both, the FcγRIIa and FcγRIIb, induced a negative inotropic effect on 

isolated cardiomyocytes confirming a cardiodepressant activity (data not published). 

Furthermore, specificity of the purified antibodies was proven by antibody-binding assays 

using Human Embryonic Kidney (HEK) cells individually expressing all types of rat FcγR 

(experiments performed by Dr. Y. Reinke, data not published). Based on the data obtained by 

Dr. Y. Reinke, the present study was designed to gain additional information about the 

influence of anti-FcγR-antibodies on the mechanodynamics of isolated cardiomyocytes. For 

this purpose, the same purified antibodies from active immunization were used. In addition, a 

specific commercial available CD32A-antibody, which showed similar effects in the 

aforementioned experiments (inotropic activity and antibody-binding) as the antibodies 

obtained from the immunization, was used.  

It is important to develop new technologies to better understand the molecular mechanisms of 

autoimmune diseases in general and DCM in particular. On the macro-level, in DCM it is 

known that the left or both ventricles are enlarged [8]. However, less is known about what 

happens at the micro- and nano-level. 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) is a highly sensitive 

technique that measures mass changes and viscoelastic properties of the sample in real-time. 

In the last years, this method was used to study the interaction of antibodies with bacteria 

[46], to analyze the antibody adsorption and orientation [47] on protein G/Streptavidin or on 

gold surfaces [48], to detect antibodies by using various surface modifications (protein A [49, 

50], self-assembled monolayers [51]), to characterize cell adhesion [52], attachment and 

spreading [53], cytoskeletal rearrangements [54] and to monitor the beat rate of 

cardiomyocytes [55]. Based on the existing work, QCM-D is a promising tool to investigate 

antibody-cell interaction.  

In the last decades, Atomic Force Microscopy (AFM) has become an important tool to 

analyze mechanical properties of living cells. AFM belongs to the category of Scanning Probe 
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Microscopy (SPM) and is used to measure forces or to image a sample at the nanoscale. 

Mechanical forces are important in biological systems, as they play different roles e.g. in cell 

adhesion, cell differentiation, cell shape and cell elasticity. The elastic properties of isolated, 

spontaneously beating neonatal rat cardiomyocytes have been previously quantified [56]. Liu 

et al. [57] analyzed the mechanical properties of healthy isolated rat cardiomyocytes using 

AFM spectroscopy. They focused on measuring and comparing the contraction by the 

deflection and by the torsion/friction of the AFM cantilever. Also, the mechanical pulsing of 

cardiomyocytes, single cells as well as cells in a confluent layer, have been studied [58]. 

Using colloidal probe AFM, Glaubitz et al. [59] analyzed the mechanical properties of 

isolated cardiac fibroblasts derived from the left and right ventricle from patients with recent-

onset cardiomyopathy (ROCM). They found that cardiac fibroblasts derived from the left 

ventricle were significantly less stiff than cardiac fibroblasts derived from the right ventricle 

and that the stiffness correlated significantly with left ventricle dilation. 

To understand more about DCM on the micro- and nano-level, (1) QCM-D was used to 

investigate the interaction of anti-FcγR-antibodies with FcγRs on the surface of rat-derived 

cardiomyocytes and (2) AFM was used to characterize the stiffness and contraction of 

cardiomyocytes, in the presence of anti-FcγR-antibodies.  
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1.1 Aims of this thesis 

According to previous findings indicating that autoantibodies bind with their Fab-fragment to 

the antigen and possibly with their Fc-fragment to the FcγR inducing a negative inotropic 

effect on isolated rat cardiomyocytes [20], the influence of anti-FcγR-antibodies on the 

mechanodynamics of cardiomyocytes in the context of DCM was investigated using 

biophysical methods.  

The aims of this thesis are: 

(i) To investigate the interaction of antibodies with cardiomyocytes using Quartz 

Crystal Microbalance with Dissipation monitoring (QCM-D). 

(ii) To study the stiffness of cardiomyocytes in the presence of anti-FcγR-antibodies 

using Atomic Force Microscopy (AFM). 

(iii) To investigate the contraction of cardiomyocytes in the presence of anti-FcγR-

antibodies using Atomic Force Microscopy (AFM). 

 

 

The findings of the present thesis will provide new information about the way antibodies may 

influence the mechanodynamics of cardiomyocytes and therefore, may be involved in 

ventricle dilatation myocardial dysfunction in DCM. 
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2 Materials and Methods 

2.1 Materials 

Chemicals 

Ammonia solution (25%), ethanol (70%) and sodium dodecyl sulfate (SDS) were purchased 

from VWR International (Darmstadt, Germany). Fetal bovine serum (FBS) was purchased 

from GIBCO by Life Technologies (Carlsbad, USA). Penicillin-Streptomycin, trypsin-EDTA, 

hydrogen peroxide solution (H2O2), laminin from Engelbreth-Hohn-Swarm murine sarcoma 

basement membrane and protein G were from Sigma-Aldrich (St. Louis, USA). Dulbecco’s 

Modified Eagle Medium (DMEM) with high glucose content (4.5 g/L) was purchased from 

PAA Laboratories GmbH (Pasching, Austria). Hellmanex III was ordered from Hellma 

GmbH & Co. KG (Müllheim, Germany). Transfection reagent TransIT®-LT1 was purchased 

from Mirus Bio LLC (Madison, USA). Ultrapure water was from an Arium Pro VF Water 

Generation System (Sartorius Stedim Biotech, Göttingen, Germany, resistivity 18,2 MΩxcm). 

Sodium chloride (NaCl), potassium chloride (KCl) and potassium dihydrogen phosphate 

(KH2PO4) were purchased from Chemsolute (Renningen, Germany). Glucose, magnesium 

sulfate (MgSO4), magnesium chloride hexahydrate (MgCl2 x 6H2O), calcium chloride 

dehydrate (CaCl2 x 2H2O), sodium phosphate dibasic (Na2HPO4) and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were purchased from Merck (Darmstadt, Germany).  

Buffers 

The following buffers have been used: 

Krebs-Henseleit-Buffer consisting of 110 mM NaCl, 2.6 mM KCl, 1.2 mM MgSO4, 1.2 mM 

KH2PO4, 11 mM Glucose, 25 mM HEPES, diluted in 1 liter ultrapure water and at pH 7.4.  

Phosphate Buffered Saline (PBS) consisting of 15.44 mM KH2PO4, 1.55 M NaCl, 27.09 mM 

Na2HPO4, diluted in 1 liter ultrapure water and adjusted to pH 7.2.  

The experimental buffer for cardiomyocytes consisting of 117 mM NaCl, 2.8 mM KCl, 0.6 

mM MgCl2 x 6H2O, 1.2 mM KH2PO4, 20 mM glucose, 10 mM Hepes and 1.2 mM CaCl2 x 

2H2O diluted in 1 liter ultrapure water, pH 7.3.  

For setting the pH a pH meter (1000L phenomenal®, VWR, Darmstadt, Germany) was used.  
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Cells 

Cardiomyocytes (isolated) from rats 

Animals (female Wistar Han IGS/white and male Lewis rats LEW/Crl) were purchased from 

Charles River Laboratories (Sulzfeld, Germany). These animals were used for the isolation of 

cardiomyocytes (see Methods). All procedures involving experimental animals were 

performed in accordance with the directive 2010/63/EU on the protection of animals used for 

scientific purposes and the German animal protection act.  

Human Embryonic Kidney cell 

Human Embryonic Kidney cell line (HEK293T, ATCC® CRL-3216™) were purchased from 

ATCC® (Manassas, USA). 

Antibodies 

For the present study two antibodies were provided by Dr. Y. Reinke (Department of Internal 

Medicine B, Cardiological Research Laboratory, University Medicine Greifswald, Germany). 

Generation of FcγRII-specific antibodies was achieved by active immunization of male Lewis 

rats (LEW/Crl) using a synthesized peptide directed against an epitope present within the 

external loop of FcγRIIa and FcγRIIb which results from the 93% homology of their 

extracellular domains [60]. Control animals received NaCl injected in the same manner for 

generation of control antibodies. Antibody titers were regularly checked by Enzyme-linked 

Immunosorbend Assay (ELISA) using the same peptide as for immunization. IgG antibodies 

purification from serum from both groups, rats injected with NaCl (control antibodies) and 

actively immunized rats (anti-FcγR-antibodies), was performed by BioGenes  (Berlin, 

Germany) using an ammonium sulfate precipitation method. Precipitated antibodies were 

dialyzed against PBS to clean the antibodies from ammonium sulfate and purified with the 

help of a protein G column. 

CD32A antibody (N-20) and control goat IgG were purchased from Santa Cruz 

Biotechnology (Dallas, USA). The specific CD32A-antibody is raised against a peptide 

mapping at the N-terminus of CD32A of human origin [61], but it also binds to rat FcγRIII, 

the orthologue to human FcγRIIA (Fig. 5), which was expressed in human HEK cells. In 

addition, this antibody also induced a negative inotropic effect on isolated rat cardiomyocytes 

as has been approved by the working group of Dr. Y. Reinke (data not published).  
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2.2 Methods 

2.2.1 Isolation of cardiomyocytes 

Isolation of cardiomyocytes from the hearts of healthy rats was performed in the group of Dr. 

Y. Reinke as previously described [62]. 

Briefly, after anesthetizing rats, the isolation of ventricular cardiomyocytes was carried out in 

a Langendorff-construction by enzymatic digest at 37°C [63, 64] and afterwards, 

mechanically reducing ventricles to small pieces and filtering the suspension with a gauze 

(pore size 200 µM) to remove undigested tissue. The isolated cardiomyocytes were 

centrifuged in two steps. After the second centrifugation step cells were resuspended in 

Krebs-Henseleit-Buffer with 50 µM CaCl2 and finally diluted in experimental buffer to reach 

a cell suspension of 5 x 104 cells/ml. The experimental buffer contains calcium that is 

important for the contraction of cardiomyocytes.  

 

2.2.2 Adherence of cardiomyocytes on cover slips 

Round cover slips (diameter 24 mm, strength of 1 ½, Plano GmbH, Wetzlar, Germany) were 

cleaned using a (1:1:6) RCA solution (NH3 (ammonium solution): H2O2 (hydrogen peroxide): 

H2O (ultrapure water)) at 70°C for 10 min and then rinsed with water. For adherence of 

cardiomyocytes (Fig. 6), laminin solution (Sigma-Aldrich, St. Louis, USA) was diluted with 

ultrapure water (1:2) to a final concentration of 0,5 mg/ml and evenly spread on cleaned 

round cover slips which were then placed in a 6-well plate (Becton Dickinson Labware, 

Franklin Lakes, USA) under sterile conditions. The laminin solution was allowed to dry for 

30 min. Further, 2 ml pre-warmed experimental buffer for cardiomyocytes were added into 

the wells containing laminin-coated cover slips followed by 2 ml of cardiomyocyte 

suspension. Afterwards, the cardiomyocytes were allowed to adhere for 30 min in the 

incubator (C 150, Binder, Tuttlingen, Germany) at 37°C. The cover slips were gently washed 

with experimental buffer to remove unattached cells. The adherent cells were incubated in 

fresh buffer for further 30 min at 37°C. After this incubation time, the cover slips were added 

into the pre-heated BioCell (37°C) of the AFM containing 800 µl pre-warmed experimental 

buffer for cardiomyocytes. Finally, the antibodies were added.   
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Fig. 6: Cardiomyocytes attached via laminin on a cover slip (20x objective). 

 

 

2.2.3 Human Embryonic Kidney cell culturing and expression of rat 

FcγRIIb 

Cell culture work was performed by Doreen Biedenweg (ZIK HIKE, University Greifswald, 

Germany) according to the following protocol: 

Human Embryonic Kidney (HEK) cells were grown in DMEM supplemented with 10% FBS 

(fetal bovine serum) and 1% Penicillin-Streptomycin in a humidified incubator (5% CO2, 

95% air atmosphere at 37°C). Cells were removed from culture flasks by trypsinization, 

centrifuged at 250 g for 5 min and resuspended in DMEM supplemented with 10% FBS and 

1% Penicillin-Streptomycin. Cell number was determined by direct counting and a cell 

concentration of 5 x 105 cells/well was prepared in 2.5 ml DMEM supplemented with 10% 

FBS and 1% Penicillin-Streptomycin. Cells in this final concentration were further used for 

transfection and then kept for 48 hours in cell culture before carrying out the QCM-D 

experiments. Shortly before the use of HEK (untransfected or transfected) cells for QCM-D 

35 µm 
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experiments, media was removed and cells were washed twice with PBS and collected in PBS 

buffer. Cell number was determined by direct counting, immediately before use for QCM-D 

experiments. Cell numbers of untransfected HEK cells varied from 1.6 x 106 cells/ml to 

1.79 x 106 cells/ml whereas 1.27 x 106 cells/ml to 1.58 x 106 cells/ml of transfected HEK cells 

were used. 

Transfection of HEK cells was performed by Dr. Y. Reinke as described below: 

Transfection of HEK cells with a plasmid-DNA encoding for the rat FcγRIIb was achieved 

with the aid of a Transfection Reagent (TransIT®-LT1 from Mirus Bio LLC). The protocol 

for plasmid transfection (published on the Mirus Bio Homepage [65]) was slightly modified – 

here only one third of the denoted amount of DNA and Transfection Reagent was used. Plated 

cells were incubated with the TransIT®-LT1 Reagent - DNA complexes for 48 hours in a 

humidified incubator (5% CO2, 95% air atmosphere at 37°C). The expression level of the 

FcγR on the surface of HEK cells has been proved in the beginning by FACS analysis by Dr. 

Y. Reinke (data not published) and was at the highest level on day two after transfection.  

In addition, binding assays using the anti-FcγRII antibodies obtained from immunization 

experiments and transfected HEK cells expressing rat FcγRIIa or rat FcγRIIb revealed similar 

binding affinities of the purified anti-rat FcγRII antibody to both rat FcγRII. In comparison to 

rat FcγRIIb, cell surface expression of rat FcγRIIa depends on separately expressed γ-chain. 

Since single-transfection with only one plasmid is more efficient, further experiments were 

carried out with HEK cells expressing the rat FcγRIIb. 

 

2.2.4 Quartz Crystal Microbalance with Dissipation monitoring 

(QCM-D) 

To investigate the interaction of antibodies with receptors on the surface of cells, Quartz 

Crystal Microbalance with Dissipation monitoring (QCM-D E4, Västra Frölunda, Sweden) 

was used. QCM-D is a method that can be used to characterize thin films or materials and to 

measure simultaneously mass changes in real time (∆f) and energy dissipation (∆D) to obtain 

information about the viscoelastic properties of the sample [66]. The key element of the 

QCM-D is the quartz crystal (diameter of 14 mm) made from an AT-cut 5 MHz quartz 

crystal, that is sandwiched between a pair of electrodes [67, 68]. The QCM crystal oscillates 

in the thickness shear mode at its fundamental resonance frequency (f = 5 MHz) and odd 
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overtones (n = 3, 5, 7, 9, 11, 13) by applying an alternating current (AC) voltage across the 

electrodes [69]. By adding a mass onto the surface of the crystal, the resonance frequency 

decreases (Fig. 7).  

 

Fig. 7: Principle of Quartz Crystal Microbalance with Dissipation monitoring (QCM-D). 

(1) The frequency of the oscillating crystal decreases when a mass is adsorbed on the crystal. In this case 
antibodies (green) are adsorbed on a layer of proteins (red). (2) The dissipation also changes when a rigid (red) 
or soft (green) mass is added. Used with permission from Biolin Scientific AB, Sweden [70]. 

 

The resulting frequency shift is related to the added mass [71]. The adsorbed mass can be 

calculated using Sauerbrey equation [66, 71]: 
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∆� = 	−
� ∗	∆�

	
	 

where, 

∆m =  adsorbed mass 

C =  mass sensitivity constant, ~17.7 ng/(cm2 Hz) for a 5 MHz crystal, calculated from the 

thickness and density of quartz and its resonance frequency [72] 

∆f = frequency change 

n =  overtone number 

This equation is only valid for rigid materials; otherwise the Sauerbrey equation will 

underestimate the adsorbed mass. Another parameter obtained from QCM-D data is the 

dissipation. QCM-D measures the dissipation which is related to the viscoelasticity and this 

gives information about the rigidity of the adsorbed material (Fig. 7). Dissipation occurs when 

the AC voltage is stopped and the soft film dampens the sensors oscillation (the energy from 

the oscillating crystal dissipates from the system). D is defined as:  

  


 =
����

2�������
 

where, 

ELost = the energy lost during one oscillation cycle 

EStored = the total energy stored in the oscillator  

The Sauerbrey equation is generally applied when the dissipation value is below 1 x 10-6. If 

the dissipation is above this value, it is necessary to use a viscoelastic modeling [47]. 

 

2.2.4.1 Experiments 

In this study, the binding of rat anti-FcγR-antibodies to receptors (FcγR) on male Lewis rat 

cardiomyocytes was investigated by QCM-D. Lewis rats are an established animal model to 

study autoimmune diseases. First, a model system was used to proof the principle of binding 
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rat anti-FcγR-antibodies to FcγR expressed on the surface of HEK cells. For this purpose, 

HEK cells were transfected with plasmid-DNA encoding for the rat FcγRIIb. 

Gold-coated quartz crystal sensors (Västra Frölunda, Sweden) were cleaned using a (1:1:6) 

RCA solution (NH3 (ammonium solution): H2O2 (hydrogen peroxide): H2O (ultrapure water)) 

at 70°C for 10 minutes. Afterwards, crystals were rinsed with water, dried under a stream of 

nitrogen gas and finally exposed for 20 minutes to UV ozone (Pro Cleaner Plus, Bioforce 

Nanoscience, Ames, USA). The flow modules, sealings and O-rings were cleaned with 2% 

Hellmanex III, followed by sonication in an ultrasonic bath Elmasonic S30 H (Elma, Singen, 

Germany) in a solution of 2% SDS for 20 min at 40°C and finally rinsed with water and dried 

under a stream of nitrogen.  

After cleaning, crystals were assembled in the flow modules. Measurements were carried out 

using Q-Sense E4 unit from Q-Sense (Västra, Frölunda, Sweden) which consists of four 

chambers in parallel, each holding one sensor, under continuous flow driven by a peristaltic 

pump (Ismatec IPC-N4, Idex Health & Science GmbH, Wertheim-Mondfeld, Germany) at a 

constant flow rate of 100 µl/min at 37°C. Once the crystals were loaded into the chambers, 

their resonant frequencies and overtones were measured in PBS buffer to calculate the mass 

sensitivity constant (C). Data were collected at the fundamental frequency and at several 

overtones. The variation between the overtone signals was small. The 5th and 7th overtones are 

shown in the QCM-D results. PBS was introduced into the system and after a stable baseline 

has been recorded, the experiment was started.  

Protein G, which is capable to bind the Fc-part of immunoglobulins [73, 74], was used in the 

experiment to immobilize the antibodies. Protein G is an immunoglobulin-G-binding protein 

expressed in the cell wall of group C and G streptococcii. The carboxy-terminal half contains 

three IgG-binding domains [75]. Protein G was added at a final concentration of 100 µg/ml 

(diluted in water). After a washing step with PBS, antibodies (control and anti-FcγR-

antibodies) were added at a final concentration of 10 µg/ml (diluted in PBS). After a washing 

step with PBS, cells (cardiomyocytes or HEK cells) were injected into the system, the flow 

was stopped and the cells were incubated for 1 hour. After incubation, another washing step 

with PBS was carried out. For cardiomyocytes, an experimental buffer for cardiomyocytes 

(see Materials) was injected before the cells were added to the system.  

Data analysis was performed using Q-Tools V.3.0 (© 2000-2011 Biolin Scientific AB) and Q-

Soft401 V2.5 (Software provided by Q-Sense). 
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2.2.5 Atomic Force Microscopy (AFM) 

In 1986, Binnig, Quate and Gerber developed the first Atomic Force Microscope (AFM) [76]. 

The AFM does not require a conductive sample [77]; it consists of a cantilever that is attached 

to a chip [78]. There are cantilevers on which a tip is mounted [79]. The AFM measures 

directly the interaction force between the tip and the sample. AFM presents several 

advantages: 

• the resolution is on nanometer range [79]. 

• it can operate in air as well as in fluids [79]. 

• it can give information about physical dimensions on atomic scale (e.g. elasticity, 

hardness, adhesion) [78].  

• living cells can be analyzed [80]. 

There are two operating modes: imaging of the sample and measuring force-curves [78]. 

Imaging is based on a physical rendering of the surface topography by raster scanning of the 

tip across the sample [77]. To obtain force-curves a certain force triggered by the tip acts on 

the sample and this leads to a vertical deflection of the tip. From this force-curve, the 

elasticity of the sample (Young’s modulus = YM) can be determined [78].  

A very interesting feature is that living cells can be analyzed under their physiological 

conditions (buffer and temperature).  

To investigate the mechanical properties of cardiomyocytes and the influence of antibodies on 

the cell elasticity, AFM was used. AFM probes the cell elasticity by measuring the force 

between cantilever and the cell surface via the cantilever deflection. The YM is defined as the 

ratio between the force applied to the material and its deformation [81]. It predicts how much 

a material sample extends under tension or shortens under compression. For example: 

material is stiff when has a high YM; steel has a high YM (210 GPa), while rubber has a 

relative low YM (0.01-0.1 GPa). 

In these studies, an AFM NanoWizard® III (JPK Instruments AG, Berlin, Germany) installed 

on an inverted optical microscope, ix81 (Olympus, Hamburg, Germany) was used.  

AFM consist of a cantilever (commonly V-shaped or rectangular), that is mounted on a chip, 

normally with a sharp tip at its free end, a laser, a photodetector (made of four quadrants) and 

the X-Y-Z piezo (Fig. 8).  
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Fig. 8: Schematic displaying the principle of Atomic Force Microscopy (AFM). 

A laser beam comes from a light source and is reflected from the back side of a cantilever into the photodetector. 
According to the cantilever deflection (due to the sample surface) the laser beam is changing. Reproduced with 
permission [82]. 

 

The cantilever approaches the surface of the sample and it deflects as it reaches the surface. 

Forces between the tip and the sample lead to a deflection of the cantilever according to 

Hook’s law [77, 83]: the force F needed to extend the spring depends linearly on the distance 

s that is extended. This means when the deflection of the spring is doubled, the force is also 

doubled (Fig. 9).  

 

Fig. 9: Hook’s law. 

F = force [N], s = deflection of the cantilever [m], k = spring constant of the cantilever [N*m^-1].  

 

Tip 
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The deflection of the cantilever is measured using the optical lever technique [78]. A beam 

from a laser diode is focused on the end of the cantilever (Fig. 8). The laser beam is reflected 

from the top surface of the cantilever into an array of photodiodes and thereby, the position of 

the laser beam is monitored [78]. The reflected laser beam is moving across the photodetector 

according to the deflection of the cantilever due to the force applied to the tip [78].  

Fig. 10 displays a typical force-distance curve. 10A-10C is the approach of the cantilever to 

the sample surface and 10D-10F is the retraction. Approach and retraction are often not 

identical, because of some hysteresis reasons (Fig. 11): i) Hydrodynamic drag due to the 

velocity of the cantilever that causes a difference in the zero-force line. ii) In the contact part 

there can occur a difference in the approach and retraction part due to the viscoelastic 

deformation of the sample. Due to the tilt in the cantilever, friction may appear leading to 

hysteresis in the contact part. iii) Adhesion force can occur in the retraction part, so that the 

cantilever keeps in contact with the surface until the cantilever force overcomes the adhesion 

force [78].  
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Fig. 10: Idealized force-distance curve. 

A single approach-retract cycle of the AFM tip is described. Reproduced with permission [84]. A) The cantilever 
approaches but is still far away from the sample surface, B) As the cantilever comes close to the surface, the tip 
is attracted to the surface. This is the initial contact mediated by the attractive van der Waals forces, C) 
Cantilever is pressed/ pushed against the surface with a default force that lead to deflection of the cantilever and 
sample indentation, D) When the cantilever is pulled away from the surface, it tries to retract and to lose the 
contact to the surface, E) Various adhesion forces can affect the retraction. These adhesion forces can be taken 
directly from the force-distance curve, F) Then the cantilever loses the contact to the surfaces by overcoming the 
adhesion forces. 

 

 



2 Materials and Methods 

33 
 

 

Fig. 11: Hysteresis of the approach and retraction curve. 

Three types of hysteresis can occur: (1) in the zero force line, (2) in the contact part and (3) adhesion in the 
retraction part. 

 

Cantilevers are commercially available, e.g. tipless and rectangular with no aluminium 

coating (aluminum could be poisonous for cells), former type CSC12, now CSC38 

(Mikromasch, Tallinn, Estonia). This type of probe has three tipless cantilevers on one side of 

the chip (Fig. 12).  

 

Fig. 12: Top view of three tipless cantilevers on a chip (5x objective). 

 

 

 

 

A 

B 

C 
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The typical resonance frequency for cantilever type A (Fig. 12) is around 20 kHz and the 

typical spring constant is around 0.09 N/m. The typical resonance frequency for cantilever 

type B (Fig. 12) is around 10 kHz and the typical spring constant is around 0.03 N/m. The 

typical resonance frequency for cantilever type C (Fig. 12) is around 14 kHz and the typical 

spring constant is around 0.05 N/m. A good cantilever should have a high sensitivity [78]. In 

this study, only cantilevers from the B type, with the lowest spring constant (typical 0.03 

N/m, range 0.003-0.13 N/m) were used. These are the softest cantilevers allowing high 

sensitivity measurements.  

Non-functionalized (surface group SiOH) silica microspheres (~ 4.63 µm in mean diameter 

(Bangs Laboratories, Fishers, USA), used as colloidal probe, were glued on the end of the 

cantilever (Fig. 13).  

 

Fig. 13: Side view of a cantilever with 4.63 µm microsphere attached at the end of the cantilever (20x 

objective). 

 

Using a cantilever with a sharp tip at the end is more harmful for a cell than using a cantilever 

with a colloidal probe. The so-called colloidal probe technique [85, 86] has been widely used. 

Gluing of silica microspheres on cantilevers was done according to the protocol published on 

the JPK homepage [87]:  

Briefly, two microscope slides (Carl-Roth GmbH + Co KG, Karlsruhe, Germany) have to be 

cleaned with the help of RCA 1-treatment (a solution of 5 parts ultrapure water, 1 part of 

aqueous ammonium hydroxide (NH4OH) and 1 part of hydrogen peroxide (H2O2) heated up 

to 70°C for 10 min [88]) to avoid sphere contamination. Further, a needle was used to put a 

thin line of the UV-curable and hydrophobic adhesive NOA68T (Norland Optics, Cranbury, 

USA) on a clean glass slide. Next, JPK NanoWizard® AFM piezos were used to immerse the 

front of the cantilever into the adhesive. Immediately after indentation, the cantilever was 

retracted. A small drop of glue remained on the bottom side of the front of the cantilever. The 

second clean glass-slide was covered with 1 ml of a solution of distilled water and 
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microspheres. After pipetting a drop of distilled water on the cantilever, the AFM stepper 

motors were used for driving the cantilever into the solution. A low tip-velocity (~1 µm/s) 

was used to catch a single microsphere. When the glue-covered end of the cantilever beam 

was over the microsphere, the z-piezo was used to press the microsphere into the adhesive 

(force of 5 nN for ≥ 5 s). Next, the microsphere weakly adhered to the tip and the cantilever 

was retracted from the surface. A portable UV-lamp UVGL-58 (VWR, Darmstadt, Germany) 

was used for curing the adhesive in solution. 

Cantilever calibration was performed with AFM NanoWizard® III, (JPK Instruments AG, 

Berlin, Germany) using the JPK SPM Control Software v.4 (©1999-2010 JPK Instruments 

AG). 

There are two measurements required to convert the photodiode signal into a value of force.  

First, the cantilever sensitivity (α) was determined to calculate the cantilever deflection 

measured in photodiode signal into a value of distance. For this, a mica surface (Emsdiasum, 

Hatfield, USA) was glued on a clean glass slide and then fixed in the AFM.  After fixing the 

cantilever in the AFM a force-curve was measured against the mica surface. The repulsive 

contact region is linear for a hard surface and tip. Therefore, the JPK software can easily 

determine the sensitivity at nanometer scale.  

Second, the spring constant (k) was determined using thermal noise method [89], that allows 

conversion of the nanometer deflection of the cantilever into force values using the Hooke’s 

law (F = k*s). The JPK software supports the thermal noise analysis for cantilever calibration. 

The thermal noise spectrum is a plot of the cantilever fluctuations as a function of frequency. 

The greatest amplitude will be seen around the cantilever resonance frequency. This 

resonance curve can be modeled with a Lorentz function [90]. This allows calculation of the 

spring constant with the JPK software [91]. The cantilever spring constant is independent of 

the media in which the cantilever is used.  

In the experiments, the spring constant of cantilever type B, containing silica microsphere 

glued on its end, was in the range k = 0.06-0.1 N/m. 
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2.2.5.1 Experiments 

For this study, so-called force-volume measurements were performed over the surface of a 

single cardiomyocytes adhered to laminin-coated cover slip (Fig. 14). Force-volume 

measurements were recorded with a resolution of five by five measurements, a total of 25 

force-curves, across an area of 5 µm x 5 µm on the surface of the cardiomyocyte. For each 

measured cardiomyocyte the force-volume measurement was recorded in the middle of a 

cardiomyocyte. It was important to measure force-volume curves in the center of a 

cardiomyocyte first, to avoid edge effects and tip slippage [92] and second, the applied Hertz 

model is only valid on a flat surface [93].  

 

Fig. 14: Force-volume measurements on the surface of a cardiomyocyte. 

 

The following conditions for the measured force-curves were used: 

Approach     Retract 

Duration 2 s    0.5 s 

z-length 10.0 µm   10.0 µm 

z-speed 5.0 µm/s   20.0 µm/s 

setpoint  2.5 nN  

The applied cantilever force during measurements was limited to 2.5 nN and the approach 

velocity to 5 µm/s (reduction of hydrodynamic forces).  
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For this study, the contraction of the cardiomyocyte was also determined. Another protocol, 

where the constant height of the cantilever was maintained over a period of 5 min, was used.  

The procedure of the assay was the following: 

Before adding the antibodies:  measuring force map followed by recording contraction 

of the cardiomyocyte for 5 min 

After adding the antibodies:    measuring immediately after adding the antibodies force 

map followed by recording contraction of the 

cardiomyocyte for 5 min and do these two steps 

alternately for 30 min 

The blocking experiment was performed with a pre-incubation step: 

Before adding the antibodies:  measuring force map followed by recording contraction 

of the cardiomyocyte for 5 min 

Pre-incubation: cardiomyocytes were pre-incubated with 10 µg/ml 

control goat IgG at 37°C for 30 min 

After adding CD32A-antibodies:    measuring immediately after adding the antibodies force 

map followed by recording contraction of the 

cardiomyocyte for 5 min and do these two steps 

alternately for 30 min 

The cantilevers were cleaned regularly with plasma using GIGAbatch 310M (PVA TePla, 

Germany) for 30 seconds at 600 Watt to remove organic material. 

The elasticity was determined from the best measured force-curves using the software JPK 

SPM Data Processing (©1999-2013 JPK Instruments AG).  For calculating the elasticity, five 

steps are necessary: 

First, the sensitivity (α) and spring constant (k) have to be adjusted. 

Second, the baseline offset has to be subtracted. In this case, the tilt was also selected and this 

subtracts a linear fit from the whole curve instead of a single value. This results in a baseline 

that is adjusted to zero. 

Third, the contact point is determined, that is the first crossing of the y-axis. 
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Fourth, this step corrects the height for the bending of the cantilever to calculate the tip-

sample separation. The cantilever height is directly measured from the piezo position. In 

indentation experiments the cantilever is deflected from its equilibrium position. The 

deflection of the cantilever should be considered to get the real tip position relative to the 

surface. Thereby, the cantilever deflection is subtracted from the piezo height. This results in 

a steeper force-curve.    

Fifth, the YM is calculated using the Hertz fit. The fit parameters are sphere as tip shape, 2.3 

µm in tip radius, the force is set to 2.5 nN and the Poisson’s ratio is set to 0.50 for soft 

biological material [94]. This value relates to the samples ability to “bulge out” when 

compressed. For incompressible material the volume stays the same. Cells are seen as 

incompressible, because they contain much water. Cells expand as they are compressed, 

maintaining a constant volume [81]. The YM is then calculated using the following formula: 
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where, 

F  = force 

YM  = Young’s modulus 

ν  = Poisson’s ratio  

δ  = indentation (tip-sample separation) 

R  = radius of the microspheres 

The Hertz model describes the simple case of elastic deformation of two perfectly 

homogeneous smooth bodies touching under load [95]. There are two important statements 

for applying the Hertz fit: 1) the indenter must have a parabolic shape, and 2) the indented 

sample is assumed to be extremely thick in comparison to the indentation depth [95]. This 

means it is only valid for small indentations (5-10 % of the height of the cell) [96]. Several 

extensions were made for different indenter geometries: parabolic, spherical, conical and four-

sided pyramid.    
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Cell contraction data analysis was done using OriginPro V. 8.6.0 Sr2 by 98, academic (© 

1991-2012 OriginLab Corporation). By using the peak analyzer, the local maxima were 

defined with this software. 

 

2.2.5.2 Statistical analysis 

For the statistical analysis of differences in Young's modulus and beating frequency a linear 

mixed effects model approach was used with "rat-ID" and "cell-ID" as (nested) random 

factors and "time point" and "treatment" as fixed factors. Young's modulus data were log-

transformed to ensure normality and homogeneity of variances of residuals. The analysis of 

the relative change in percent was carried out in a similar fashion. First, the relative change in 

Young's modulus against the mean stiffness before treatment with the respective antibody was 

calculated for each individual cell. Data analysis was done using a linear mixed effects model 

again. In both analyses, normality and homogeneity of variances of residuals were ensured by 

visually checking QQ-plots and Residuals-vs-Fitted plots. In the case of a significant "time 

point" x "treatment" interaction post hoc analyses either stratified by treatment levels or time 

points, respectively were done using the same approach with accordingly restricted datasets. 

For the statistical analysis of Young’s modulus in the blocking experiments a linear mixed 

effects model approach was used with „cell-ID“ as random factor and „time point“ as fixed 

factor. Again, normality and homogeneity of variances of residuals were ensured by visually 

checking QQ-plots and Residuals-vs-Fitted plots.  

All statistical analysis were carried out with the software environment for statistical 

computing and graphics “R” (version 3.1.1) [97], including the "car"-package [98] and the 

"lme4"-package [99], by Dr. Stefan Groß (University Medicine Greifswald, Department of 

Cardiology; DZHK – German Centre for Cardiovascular Research, partner site Greifswald). 
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3 Results 

First, it was investigated whether antibodies bind to the bare gold surface on the crystal. After 

antibody incubation for 1 hour on the bare gold surface of the QCM crystal and washing with 

PBS, the frequency increased and the dissipation change decreased, indicating that antibodies 

were washed out and did not adsorb specifically to the gold surface (Fig. 15).  

 

Fig. 15: Adding antibodies to the bare gold surface of the crystal. 

Representative measurement of the changes in frequency and dissipation as a function of time. Antibodies did 
not bind to the bare gold surface of the crystal. The 5th and 7th overtones are shown for the measured frequency 
and dissipation. The arrows indicate the injection steps. PBS = phosphate buffer saline. 

 

Previously, it has been shown that antibodies bind site-directed (Fab-fragment up) to protein 

G deposited onto the surface coated with a self-assembled monolayer of 1-dodecanethiol [47]. 

This protocol was used to site-direct antibodies on protein G. 

Protein G was used, because its binding affinity to rat IgG is higher compared to protein A 

[100]. 
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After successfully adsorbing antibodies site-directed to protein G, more steps in method 

establishment were needed (whole cells or cell lysates, influence of cell number, experimental 

procedure: Protein G-Abs-cells or cells-Abs):  

• Cell lysates were used instead of whole cells, because cell lysates are much smaller 

than whole cells giving a better signal in frequency shift and dissipation change. 

Further, it could be used for detecting Na/K-ATPase with anti-Na/K-ATPase-Ab and 

actin with anti-actin-Ab. Anti-Na/K-ATPase-Ab and anti-actin-Ab did not bind to 

protein G. 

• A reduced cell number (1 x 103 cells/ml) was added to the adsorbed antibodies 

resulting in no frequency shift and no dissipation change after adding the cells. 

• Alternatively, cells were first adsorbed and then the antibodies. However, no change 

in frequency could be observed after adding antibodies, indicating that cells do have 

such a high mass that the mass of antibodies can no longer be detected by the system. 

In the end, a valid method was established, where protein G was adsorbed on the gold QCM 

crystal and antibodies were site-directed on protein G. Then, Ab-functionalized crystals were 

incubated with cells. 

In this work, anti-FcγR-antibodies were site-directed on protein G adsorbed on the gold 

crystal. The interaction of anti-FcγR-antibodies with transfected HEK cells (highly expressing 

the Fcγ-receptor on their surface) and with freshly isolated healthy rat ventricular 

cardiomyocytes (Lewis rats) was investigated. Here, FcγRII-antibodies obtained from active 

immunization were used.  
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3.1 Interaction of antibodies with Human Embryonic Kidney 

cells 

The adsorption of protein G, binding of anti-FcγR-antibodies to protein G and the interaction 

of anti-FcγR-antibodies with transfected HEK cells (HEK
+
) were continuously monitored 

using QCM-D as shown in Figure 16a. After baseline recording in PBS buffer, at t = 10 min 

protein G was exposed to the gold surface followed by a washing step with PBS at t = 37 min, 

resulting in a decrease in frequency (∆f) up to ∆f = 55 Hz corresponding (according to 

Sauerbrey equation) to a mass of 997.58 ng/cm2 and an increase in dissipation (∆D) up to 

∆D = 3.79x10-6. At t = 65 min, anti-FcγR-antibodies were added on top of protein G and at t = 

74 min a washing step followed. The adsorption of antibodies resulted in a decrease in 

frequency of ∆f = 68.8 Hz corresponding to a Sauerbrey mass of 1182.91 ng/cm2. At t = 145 

min, transfected HEK cells were added and incubated for 1 hour. At t = 219 min, a washing 

step with PBS followed until t = 355 min. After washing with PBS, a decrease in frequency 

occurs, the difference in frequency was ∆f = 22.38 Hz and an increase in dissipation change 

results, ∆D = 9.28x10-6. Indicating that transfected HEK cells bind to anti-FcγR-antibodies. 

Further, it was compared whether untransfected HEK cells (HEK
-
) (not expressing FcγR on 

their surface) bind to anti-FcγR-antibodies site-directed on protein G (Fig. 16b). The time 

line was the same as described above. The adsorption of protein G results in a decrease in 

frequency of ∆f = 63.9 Hz corresponding to a Sauerbrey mass of 1123.72 ng/cm2 and an 

increase in dissipation of ∆D = 4.02x10-6. The binding of anti-FcγR-antibodies on top of 

protein G results in a decrease in frequency of ∆f = 43.88 Hz corresponding to a Sauerbrey 

mass of 773.32 ng/cm2. After the incubation of untransfected HEK cells, a washing step was 

carried out and the frequency increased indicating that material was removed from the 

surface, indicating that untransfected HEK cells were washed away and did not bind to anti-

FcγR-antibodies. This can be explained by the fact that untransfected HEK cells did not 

express FcγR on their surface. 

The interaction of transfected HEK cells (HEK
+
) with control antibodies adsorbed site-

directed on protein G was monitored (Fig. 16c). At t = 10 min, protein G was adsorbed on the 

gold surface followed by a washing step with PBS at t = 38 min, resulting in a decrease in 

frequency of ∆f = 64.78 Hz corresponding to a Sauerbrey mass of 1132.66 ng/cm2 and an 

increase in dissipation of ∆D = 2.78x10-6. At t = 60 min control antibodies were added on top 

of protein G and at t = 95 min, a washing step with PBS followed. The antibody adsorption 
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resulted in a decrease in frequency of ∆f = 59.82 Hz corresponding to a Sauerbrey mass of 

1043.99 ng/cm2. At t = 135 min transfected HEK cells were added and incubated for 1 hour. 

At t = 205 min, a washing step with PBS was carried out. After adding transfected HEK cells, 

a decrease in frequency occurred (∆f = 7.72 Hz). Already during the incubation time, the 

frequency increased again indicating that cells were removed from the surface and washed 

out. Transfected HEK cells with highly expressed FcγR on their surface did not bind 

specifically to control antibodies. 

The interaction of untransfected HEK cells (HEK
-
) with control antibodies adsorbed site-

directed on protein G was monitored (Fig. 16d). At t = 10 min, protein G was adsorbed on the 

gold surface followed by a washing step with PBS at t = 39 min. The adsorption of protein G 

resulted in a decrease in frequency of ∆f = 61.14 Hz corresponding to a Sauerbrey mass of 

1072.68 ng/cm2 and an increase in dissipation of ∆D = 3.63x10-6. At t = 60 min control 

antibodies were added to protein G followed by a washing step with PBS at t = 97 min. The 

binding of antibodies on top of protein G resulted in a decrease in frequency of ∆f = 48.46 Hz 

corresponding to a Sauerbrey mass of 864.6 ng/cm2. At t = 136 min untransfected HEK cells 

were added. After an incubation time of 1 hour, a washing step with PBS at t = 202 min until  

t = 285 min was conducted. After adding untransfected HEK cells, a decrease in frequency 

occurred. However, after washing with PBS, the frequency increased indicating that the cells 

were completely washed out. Untransfected HEK cells did not interact with control 

antibodies.  
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Fig. 16: Interaction of Human Embryonic Kidney (HEK) cells with antibodies. 

Representative measurement of the changes in frequency and dissipation as a function of time. a) Anti-FcγR-Abs 
were site-directed to protein G and transfected HEK cells bound to the anti-FcγR-Ab, ∆f was 22.38 Hz, b) anti-
FcγR-Abs were site-directed to protein G and untransfected HEK cells did not bind to specific antibody, c) 
Control Abs were site-directed to protein G and transfected HEK cells did not bind to control Ab, d) Control Abs 
were site-directed to protein G adsorbed on the gold crystal. Untransfected HEK cells did not bind to the control 
Abs. The 5th and 7th overtones are shown for the measured frequency and dissipation. The arrows indicate the 
injection steps. PBS = phosphate buffer saline. 

a) 
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Fig. 16 (continued): Interaction of Human Embryonic Kidney (HEK) cells with antibodies.  

b) 

c) 
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Fig. 16 (continued): Interaction of Human Embryonic Kidney (HEK) cells with antibodies. 

 
 

3.2 Interaction of antibodies with cardiomyocytes 

The interaction of cardiomyocytes with antibodies was further investigated (Fig. 17).  

Figure 17a shows the interaction of cardiomyocytes with anti-FcγR-antibodies site-

directed on protein G. At t = 10 min, protein G was adsorbed on the gold surface. Afterwards 

a washing step with PBS was carried out at t = 36 min. Adsorption of protein G resulted in a 

decrease in frequency of ∆f = 51.04 Hz corresponding to a Sauerbrey mass of 891.85 ng/cm2 

and an increase in dissipation of ∆D = 3.35x10-6. At t = 63 min anti-FcγR-antibodies were 

added followed by a washing step with PBS at t = 72 min. The binding of antibodies to 

protein G causes a decrease in frequency of ∆f = 57.15 Hz corresponding to a Sauerbrey mass 

of 1010.62 ng/cm2. Next, isolated cardiomyocytes were added at t = 135 min and incubated 

for 1 hour. Afterwards, a washing step from t = 210 min until t = 285 min took place. A 

decrease in frequency occured (∆f = 6.25 Hz) and the frequency did not increase after 

washing, indicating that cardiomyocytes were not washed away. Additionally, the dissipation 

d) 
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increased to ∆D = 2.80x10-6. This may indicate that cardiomyocytes bind to anti-FcγR-

antibodies.  

Figure 17b depicts the interaction of control antibodies with cardiomyocytes. The time 

line was the same as described for Figure 17a. The adsorption of protein G results in a 

decrease in frequency (∆f = 53.86 Hz) corresponding to a Sauerbrey mass of 941.15 ng/cm2 

and an increase in dissipation (∆D = 3.52x10-6). The binding of control antibodies caused a 

decrease in frequency of ∆f = 58.82 Hz corresponding to a Sauerbrey mass of 1043.08 

ng/cm2. After incubation of cardiomyocytes a washing step was carried out. The frequency 

increased, indicating that cells were washed out and did not bind specifically to control 

antibodies.  

 

 

 

 

 

 

 

 



3 Results 

48 
 

 

 

Fig. 17: Interaction of cardiomyocytes (CM) with antibodies. 

Representative measurement of the changes in frequency and dissipation as a function of time. a) Anti-FcγR-
Abs were site-directed to protein G and CM bound to the anti-FcγR-Ab, ∆f was 6.25 Hz, b) Control Abs were 
site-directed to protein G adsorbed on the gold crystal. CM did not bind to the control Ab. The 5th and 7th 
overtones are shown for the measured frequency and dissipation. The arrows indicate the injection steps. VP = 
experimental buffer for cardiomyocytes, PBS = phosphate buffer saline. CM = cardiomyocytes. 

a) 
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Fig. 17 (continued): Interaction of cardiomyocytes with antibodies. 

 

b) 
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Table 1: Summary of the average of frequency shift (Hz) that occurred by interaction of 

antibodies with cells (values displaying 5
th

 overtone). 

cell HEK+ (n=2) HEK+ HEK- HEK- CM (n=2) CM 

antibody 
anti-FcγR-

antibodies 

control 

antibodies 

anti-FcγR-

antibodies 

control 

antibodies 

anti-FcγR-

antibodies 

control 

antibodies 

frequency 

(Hz) ± SD 
15.01 ± 7.37 0 0 0 4.94 ± 1.31 0 

 

As summarized in Table 1, the frequency shift that occurred when CM are incubated with 

anti-FcγR-antibodies (∆f = 4.94 ± 1.31 Hz) indicates a cell-antibody binding when compared 

to the frequency shift that occurred when transfected HEK cells (HEK+) are incubated with 

anti-FcγR-antibodies (∆f = 15.01 ± 7.37 Hz). 

The QCM-D results provide first evidence that anti-FcγR-antibodies potentially interact with 

receptors (FcγR) on the surface of cardiomyocytes.  

AFM was used to further investigate whether the antibodies have an influence on the 

mechanodynamics of cardiomyocytes.  
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3.3 The influence of anti-FcγR-antibodies on the stiffness of 

cardiomyocytes 

In this study, the functional influence of anti-FcγR-antibodies on the stiffness and contraction 

of freshly isolated ventricular cardiomyocytes from normal rats (female Wistar rats) was 

investigated.   

The commercial available CD32A-antibody was used instead of the FcγRII-antibodies from 

the active immunization, because the FcγRII-antibody lack of sufficient yield.  

First, we investigated whether the commercial available CD32A-antibody can increase the 

Young’s modulus (cell stiffness). Cardiomyocytes were incubated with the antibody at 

concentrations of 5 µg/ml and 10 µg/ml and the stiffness was measured every 5 min over a 

time interval of 30 min. Both antibody concentrations resulted in a similar increase of the 

Young’s modulus (Fig. 18). Hence, for further experiments an antibody concentration of 5 

µg/ml was used. 

 

Fig. 18: The influence of commercial available CD32A-antibodies on the stiffness (Young’s modulus) of 

cardiomyocytes. 
During 30 min, the Young’s modulus of cardiomyocytes incubated with CD32A-antibodies at concentration of 5 
µg/ml (a) and 10 µg/ml (b) was measured every 5 min. 
 

 

a) 
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Fig. 18 (continued): The influence of commercial available CD32A-antibodies on the stiffness (Young’s 

modulus) of cardiomyocytes. 

 

 

The stiffness of the cardiomyocytes incubated with CD32A-antibodies was recorded for 

extended time (up to 45 min, Fig. 19). However, no further changes in cell stiffness were 

observed after prolonged incubation. Therefore, recording of cell measurements was limited 

to 30 min.  

 

b) 
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Fig. 19: Monitoring of the influence of commercial available CD32A-antibodies (5 µg/ml) on the stiffness 

(Young’s modulus) of cardiomyocytes over 45 min. 

The Young’s modulus of cardiomyocytes was measured every 5 min. 

 

In the next experiment isolated cardiomyocytes were either treated with control antibodies 

(control goat IgG) or CD32A-antibodies for up to 30 min and cell stiffness was measured via 

AFM in 5 min intervals. 

Since there was a significant interaction between "Antibody-treatment" and "time" (Table 2), 

the "time" effect was post hoc analyzed stratified by "Antibody-treatment" (Table 3, 4 and 

Fig. 20, 21).  

Table 2: Linear mixed effects model with rat- and cell-ID as (nested) random factors 

and "treatment” and “time” as fixed factors (bold P-values depict significance). 

Analysis of Deviance Table (Type III Wald chi-square tests)  

Response: log(Young’s modulus)   

 Chisq Df Pr(>Chisq) 

factor(Antibody-treatment) 0.124 1 0.725 

factor(time) 20.080 7 0.0054 

factor(Antibody-

treatment):factor(time) 
134.713 7 <2.20E-16 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘#’ 0.1 ‘ ’ 1 
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As shown in Figure 20, isolated rat cardiomyocytes incubated with CD32A-antibodies (0-30 

min) showed significantly increased cell stiffness when compared to the time point before 

antibody-treatment as indexed by increased Young’s modulus (Table 3). This indicates that 

the incubation of the CD32A-antibody has an influence on the cell stiffness. 

Table 3: Statistical analysis of the Young’s modulus of cardiomyocytes incubated with 

CD32A-antibodies (bold P-values depict significance). 

treatment time [min] 
mean YM 

[Pa] 

lower bound 

SE 

upper bound 

SE 

P-value vs. 

time= “no Ab” 

CD32A-Ab 

no Ab 2081.191 1715.290 2525.146  

0 2755.141 2256.924 3363.341 8.98E-42 

5 2776.652 2274.918 3389.044 1.22E-42 

10 2731.829 2237.580 3335.249 6.39E-38 

15 2710.442 2220.742 3308.127 1.09E-36 

20 2744.056 2248.147 3349.356 3.08E-39 

25 2750.093 2253.221 3356.532 8.16E-42 

30 2758.092 2259.681 3366.436 8.13E-39 

 

 

Fig. 20: Cell stiffness (Young’s modulus) of rat cardiomyocytes incubated with CD32A-antibodies. 
Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model for 
log-transformed data (with “cell ID” and “rat ID” as random factors and “time point” and “treatment” as fixed 
factors). n=12, ***P<0.001, Pa=Pascal. 
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Figure 21 indicates no significant change in the stiffness of rat cardiomyocytes incubated with 

control goat IgG over 20 min (Table 4). A significant decrease in cell stiffness was observed 

after 25 min (Table 4). 

Table 4: Statistical analysis of the Young’s modulus of rat cardiomyocytes incubated 

with control goat IgG (bold P-values depict significance). 

treatment time [min] 
mean YM 

[Pa] 

lower bound 

SE 

upper bound 

SE 

P-value vs. 

time= “no 

Ab” 

Control goat 

IgG 

no Ab 2188.956 1922.640 2492.161  

0 2300.328 2012.819 2628.905 0.113 

5 2112.697 1848.911 2414.117 0.249 

10 2091.923 1830.375 2390.846 0.150 

15 2083.913 1823.751 2381.189 0.109 

20 2126.329 1860.812 2429.732 0.346 

25 2052.999 1796.642 2345.934 0.037 

30 2057.993 1801.099 2351.527 0.044 

 

 

Fig. 21: Cell stiffness (Young’s modulus) of rat cardiomyocytes incubated with control goat IgG. 
Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model for 
log-transformed data (with “cell ID” and “rat ID” as random factors and “time point” and “treatment” as fixed 
factors). n=6, *P<0.05, Pa=Pascal.   

 

Due to the significant interaction of “Antibody-treatment” and “time” (Table 2) the 

"treatment" effect was also post hoc analyzed stratified by "time". In total, there was no 
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significant difference between treatments detected in respect to absolute cell stiffness values 

(Table 5, Fig. 22). 

Table 5: Comparison of the Young’s modulus of cardiomyocytes treated with control 

goat IgG and CD32A-antibodies (bold P-values depict significance). 

time [min] treatment mean YM [Pa] 
lower bound 

SE 

upper 

bound SE 

P-value vs. 

control Ab 

no Ab 

Control goat 

IgG 
2188.956 1922.640 2492.161  

CD32A-Ab 2081.191 1715.290 2525.146 0.544 

0 

Control goat 

IgG 
2300.328 2012.819 2628.905  

CD32A-Ab 2755.141 2256.924 3363.341 0.356 

5 

Control goat 

IgG 
2112.697 1848.911 2414.117  

CD32A-Ab 2776.652 2274.918 3389.044 0.065 

10 

Control goat 

IgG 
2091.923 1830.375 2390.846  

CD32A-Ab 2731.829 2237.580 3335.249 0.060 

15 

Control goat 

IgG 
2083.913 1823.751 2381.189  

CD32A-Ab 2710.442 2220.742 3308.127 0.243 

20 

Control goat 

IgG 
2126.329 1860.812 2429.732  

CD32A-Ab 2744.056 2248.147 3349.356 0.158 

25 

Control goat 

IgG 
2052.999 1796.642 2345.934  

CD32A-Ab 2750.093 2253.221 3356.532 0.120 

30 

Control goat 

IgG 
2057.993 1801.099 2351.527  

CD32A-Ab 2758.092 2259.681 3366.436 0.118 
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Fig. 22: Comparison of the Young’s modulus of rat cardiomyocytes treated with control goat IgG and 

commercial available CD32A-antibodies. 
Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model for 
log-transformed data (with “cell ID” and “rat ID” as random factors and “time point” and “treatment” as fixed 
factors). Pa=Pascal.   
 

No significant difference in the stiffness of cells incubated with CD32A-antibody compared 

to the stiffness of cells incubated with control goat IgG was seen (Fig. 22). Therefore, the 

"Antibody-treatment" effect was further analyzed on a relative scale regarding the percent 

change vs. baseline between both treatments. As shown in Figure 23, the percent change in 

cell elasticity that occurs after adding CD32A-antibodies to the cells is significantly higher 

when compared to cardiomyocytes incubated with control goat IgG as indexed by increased 

Young’s modulus (Table 6, 7). Incubation of cardiomyocytes with CD32A-antibodies 

increased the Young’s modulus by 36 – 41% compared to cardiomyocytes incubated with 

control goat IgG (decrease by -6 – 5%). 
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Table 6: Linear mixed effects model with rat- and cell-ID as (nested) random factors 

and "treatment” and “time” as fixed factors (bold P-values depict significance). 

Analysis of Deviance Table (Type III Wald chi-square tests) 

Response: rel_change   

 %   

 Chisq Df Pr(>Chisq) 

factor(Antibody-treatment) 0.0003 1 0.987 

factor(time) 10.1536 7 0.180 

factor(Antibody-

treatment):factor(time) 
125.0451 7 <2.00E-16 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘#’ 0.1 ‘ ’ 1 

 

Table 7: Comparison of the percent change in Young’s modulus of cardiomyocytes 

treated with control goat IgG and CD32A-antibodies (bold P-values depict significance). 

time [min] treatment 
rel. change YM 

[%] 
SE 

P-value vs. 

control Ab 

no Ab 
Control goat IgG 0.000 2.083  

CD32A-Ab 0.000 1.363 1.000 

0 
Control goat IgG 4.635 15.597  

CD32A-Ab 39.490 11.000 0.068 

5 
Control goat IgG -2.794 16.543  

CD32A-Ab 39.877 11.685 0.035 

10 
Control goat IgG -4.020 15.130  

CD32A-Ab 36.700 10.670 0.028 

15 
Control goat IgG -4.617 16.306  

CD32A-Ab 36.081 11.524 0.042 

20 
Control goat IgG -2.404 16.783  

CD32A-Ab 38.656 11.860 0.046 

25 
Control goat IgG -5.897 16.376  

CD32A-Ab 39.165 11.546 0.025 

30 
Control goat IgG -5.586 17.223  

CD32A-Ab 40.682 12.710 0.031 
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Fig. 23: Comparison of the percent change in cell elasticity of cardiomyocytes treated with control goat 

IgG and commercial available CD32A-antibodies. 

Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model 
(with “cell ID” as random factor and “time point” and “treatment” as fixed factors). *P<0.05.   

 

The results show that CD32A-antibodies induce stiffening of cardiomyocytes.  

To further elucidate the expression of Fcγ-receptors on cardiomyocytes, cells were first pre-

incubated for 30 min with an excess of control goat IgG antibodies and then incubated with 

CD32A-antibodies for 30 min. The aim was to block the FcγR with the control goat IgG via 

its Fc-fragment and thus, the CD32A-antibodies can no longer bind to the FcγR. Cell 

contractility and cell stiffness were measured. 

As shown in Figure 24, when isolated rat cardiomyocytes were pre-incubated with control 

goat IgG followed by incubation with CD32A-antibodies for 30 min the significant change in 

cell stiffness is no longer inducible when compared to isolated rat cardiomyocytes without 

antibody-treatment (Chi-square = 14.224, Df = 8, P-value = 0.07). This may indicate that 

potentially expressed Fcγ-receptors on cardiomyocytes are blocked by pre-incubation of 

control goat IgG.  
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Fig. 24: Young’s modulus of isolated rat cardiomyocytes pre-incubated with control goat IgG and 

incubated with CD32A-antibodies. 
Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model 
(with “cell ID” as random factor and “time point” as fixed factor). n=4, Pa=Pascal.   

 

 

3.4 The influence of anti-FcγR-antibodies on the contraction 

of cardiomyocytes 

As described above, the contraction of freshly isolated ventricular cardiomyocytes from 

normal rats (female Wistar rats) was investigated. First, the cell elasticity was measured every 

5 min in the presence/absence of antibodies over time. Afterwards, the contraction of 

cardiomyocytes was recorded for 5 min immediately after measuring the cell elasticity.  

As shown in Figure 25, isolated rat cardiomyocytes incubated with CD32A-antibodies (0-25 

min) showed significantly decreased cell contraction over time when compared with isolated 

rat cardiomyocytes without antibody-treatment as indexed by decreased beating frequency 

(Hz) (Table 8, 9).  

Since there was a significant interaction between "Antibody-treatment" and "time" (Table 8), 

the "time" effect was post hoc analyzed stratified by "Antibody-treatment" (Table 9, 10 and 

Fig. 25, 26). 
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Table 8: Linear mixed effects model with rat- and cell-ID as (nested) random factors 

and "treatment” and “time” as fixed factors (bold P-values depict significance). 

Treatment – BF [Hz]    

Analysis of Deviance Table (Type III Wald chi-square tests)  

Response: log(BF_Hz)   

 Chisq  Pr(>Chisq) 

factor(Antibody-treatment) 0.6433 1 0.423 

factor(time) 33.998 6 6.73E-06 

factor(Antibody-

treatment):factor(time) 
5.4419 6 0.489 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘#’ 0.1 ‘ ’ 1 

 

Table 9: Statistical analysis of the contraction of cardiomyocytes incubated with 

CD32A-antibodies (bold P-values depict significance). 

treatment time [min] 

beating 

frequency 

[Hz] 

lower bound 

SE 

upper bound 

SE 

P-value vs. 

time= “no Ab” 

CD32A-Ab 

no Ab 0.134 0.053 0.340  

0 0.115 0.044 0.296 1.13E-07 

5 0.105 0.041 0.270 1.42E-16 

10 0.101 0.039 0.260 2.47E-21 

15 0.108 0.042 0.279 4.96E-13 

20 0.105 0.040 0.270 1.28E-16 

25 0.109 0.042 0.282 8.81E-12 
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Fig. 25: Beating frequency of isolated rat cardiomyocytes incubated with commercial available CD32A-

antibodies. 
Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model 
(with “cell ID” as random factor and “time point” as fixed factor). n=12, ***P<0.001, Hz=Hertz. 
 

Isolated rat cardiomyocytes incubated with normal goat IgG showed significantly decreased 

cell contraction over time when compared with isolated rat cardiomyocytes without antibody-

treatment as indexed by decreased beating frequency (Hz) (Table 10, Fig. 26). Incubation of 

cardiomyocytes with normal goat IgG show the same effect (decrease in cell contraction) as 

observed when cardiomyocytes are incubated with CD32A-antibodies (Fig. 25).  

 

Table 10: Statistical analysis of the contraction of cardiomyocytes incubated with 

control goat antibodies (bold P-values depict significance). 

treatment time [min] 
beating 

frequency [Hz] 

lower bound 

SE 

upper 

bound SE 

P-value vs. 

time= “no Ab” 

Control goat 

IgG 

no Ab 0.092 0.063 0.136  

0 0.079 0.042 0.151 1.13E-07 

5 0.072 0.038 0.138 1.42E-16 

10 0.069 0.036 0.133 2.47E-21 

15 0.075 0.039 0.142 4.96E-13 

20 0.072 0.038 0.138 1.28E-16 

25 0.075 0.040 0.144 8.81E-12 
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Fig. 26: Beating frequency of isolated rat cardiomyocytes incubated with control goat IgG. 

Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model 
(with “cell ID” as random factor and “time point” as fixed factor). n=6, ***P<0.001, Hz=Hertz.   

 

When comparing the cardiomyocyte beating frequency upon antibody-treatment (control goat 

IgG vs. CD32A) no significant difference (P=0.4225) was found.  

For the blocking experiment (as described above) the contraction of the cardiomyocyte was 

also monitored.  

As shown in Figure 27, isolated rat cardiomyocytes pre-incubated with control goat IgG 

followed by incubation with CD32A-antibodies for 30 min showed a significant decrease 

(***P<0.001) in cell contraction when compared with isolated rat cardiomyocytes without 

antibody-treatment. When compared with isolated rat cardiomyocytes pre-incubated with 

control goat IgG, there is also a significant decrease in cell contraction (###P<0.001) as 

indexed by decreased beating frequency (Hz) (Table 12).  

Table 11: Linear mixed effects model with rat- and cell-ID as (nested) random factors 

and "treatment” and “time” as fixed factors (bold P-values depict significance). 

Blockingexperiment – BF [Hz]   

Analysis of Deviance Table (Type III Wald chi-square tests) 

Response: log(BF_Hz)   

 Chisq Df Pr(>Chisq) 

factor(time) 793.83 7 <2.20E-16 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘#’ 0.1 ‘ ’ 1 
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Table 12: Statistical analysis of isolated rat cardiomyocytes pre-incubated with control 

goat IgG and incubated with CD32A-antibodies (bold P-values depict significance). 

time [min] 
beating 

frequency [Hz] 

lower 

bound SE 

upper 

bound SE 

P-value vs. 

time= “no Ab” 

P-value vs. 

time= “control 

goat IgG” 

no Ab 0.071 0.058 0.088   

0 0.036 0.029 0.045 7.30E-34  

5 0.033 0.027 0.041 8.47E-39 9.87E-02 

10 0.028 0.022 0.034 4.30E-48 1.15E-05 

15 0.028 0.023 0.035 1.94E-47 3.40E-05 

20 0.028 0.022 0.034 2.16E-4 9.11E-06 

25 0.026 0.021 0.032 7.86E-51 8.69E-08 

30 0.026 0.021 0.032 2.25E-49 2.49E-07 

 

 

Fig. 27: Beating frequency of isolated rat cardiomyocytes pre-incubated with control goat IgG and 

incubated with CD32A-antibodies. 

Data are shown as mean ± standard error. Statistical analysis was performed by a linear mixed-effects model 
(with “cell ID” as random factor and “time point” as fixed factor). n=4, ***P<0.001 vs. "no Ab", ### P<0.001 
vs. "control goat IgG", Hz=Hertz.   
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4 Discussion 

4.1 The role of nanotechnology in investigating dilated 

cardiomyopathy (DCM) 

It is believed that abnormalities in cellular immunity play a role in DCM patients [19], as 

myocarditis often triggers autoimmune reactions. Besides a disorder in cellular immunity, 

abnormalities in humoral immunity play also a role by production of various autoantibodies 

[19], which are considered to play a relevant functional role. It was shown that these 

autoantibodies can be removed from the blood of DCM patient by  immunoadsorption (IA) 

therapy leading to improved cardiac function in a subset of DCM patients [101]. Moreover, it 

was found that purified antibodies from sera of DCM patient who benefit from IA therapy 

induce in the majority of the cases a negative inotropic effect on isolated rat cardiomyocytes 

[20]. It is hypothesized that autoantibodies induce a negative inotropic effect by binding with 

the Fab-part to the antigen and simultaneously with the Fc-part to the FcγR potentially 

expressed on cardiomyocytes [20]. Based on previous considerations, regarding FcγRII 

expression on cardiomyocytes, this study was conducted to further investigate whether 

autoantibodies directed against FcγR on cardiomyocytes may influence the mechanodynamics 

of cardiomyocytes and may therefore, play a role in DCM.      

QCM and AFM are new technologies introduced to investigate what happens at the micro- 

and nano-scale in DCM.   

In the last years, many advances in micro- and nano-technology were undertaken. QCM was 

intensively used to study cell behavior in general and antibody-cell interaction in particular. 

Hiatt and Cliffel [102] used QCM for detecting Mycobacterium tuberculosis bacilli (Mtb) or 

the Mtb cell surface antigen LAM by adsorption of antibodies to protein A on the gold surface 

sensor. Saitakis et al. [74] investigated the interaction of anti-HLA-antibodies adsorbed on 

protein G and cells and showed that QCM can detect cytoskeleton changes as a change in 

dissipation. Pax et al. [55] analyzed the contraction of cardiomyocytes and the influence of 

isoproterenol, causing an increase in beating rate. Fredriksson et al. [53] developed a method 

for characterization of cell attachment and spreading.  

In the last decades, AFM was used to study the mechanical properties and contraction 

behavior of cells. Azeloglu and Costa [56] studied the dynamic mechanical properties in 
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cardiomyocytes and their relation to the actin-myosin cross-bridge cycling by synchronizing 

optical video microscopy images (with high-speed digital camera) with the AFM deflection 

signal representing a contraction cycle. They determined the Young’s modulus at 12 kPa in 

diastole and 40 kPa in systole. Thereby, there was a correlation between systolic stiffening 

and the underlying actin staining.  

Shroff et al. [103] demonstrated changes in cardiomyocyte stiffness during a single 

contraction and monitored the localized contractile activity of spontaneously beating 

myocytes with high spatial and temporal resolution. Liu et al. [57] established a new method 

to measure the lateral contraction of cardiomyocytes. Domke et al. [58] analyzed the 

mechanical pulsing of cardiomyocytes on a confluent layer of cells, as well as single cells.  

  

4.2 Interaction of anti-FcγR-antibodies with cells 

QCM-D method was used to investigate whether cardiomyocytes bind to anti-Fcγ-receptor-

antibodies, which where site-directed to protein G. 

The difference in the frequency shift between cardiomyocytes bound to the anti-FcγR-

antibody (Fig. 17a, ∆f = 6.25 Hz) and transfected HEK cells bound to the anti-FcγR-antibody 

(Fig. 16a, ∆f = 22.38 Hz) might be explained by a potentially smaller expression level of this 

receptor on the surface of cardiomyocytes. Previously, Fredriksson et al. showed, that a large 

dissipation shift with no accompanying frequency shift was observed by the adhesion of CHO 

cells on polystyrene coated crystals [53]. The apparent lack of mass was explained by the fact 

that ∆f is proportional to the cell-surface contact area, which might be very small for non-

spread, spherical cells. Moreover, they suggested that cell attachment can cause energy 

dissipation detectable by the QCM-D measurement, before cell spreading occurs.   

This will also lead to the detection limit. If cells attach with a too low cell-surface contact area 

it will be difficult to analyze the cell-antibody interaction. 

Although the QCM-D data give a first indication of the existence of Fcγ-receptors on 

cardiomyocytes, further studies are required to prove the expression of Fcγ-receptors on 

cardiomyocytes (e.g., Polymerization Chain Reaction (PCR), Western Blot and Confocal 

Laser Scanning Microscopy (CLSM)) and to measure antibody binding intensity on the 

cardiomyocyte by flow cytometry.   
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Future research should investigate whether also the commercially available anti-FcγR-

antibody (CD32A-antibodies, Santa Cruz), which was used in the AFM experiments, give 

similar results using QCM-D. 

Moreover, it would be important to use a window module instead of a flow module, so that 

images from the surface of the crystal can be taken. This will give additional information 

about cell binding on antibodies. 

Taken all together, cardiomyocytes bind to anti-FcγR-antibodies indicating that they 

potentially express FcγR on their surface.  

 

4.3 The influence of anti-FcγR-antibodies on the stiffness of 

cardiomyocytes 

AFM was used to measure the stiffness and the contraction of cardiomyocytes in the presence 

or in the absence of CD32A-antibodies. 

The current results show that incubation of cardiomyocytes with CD32A-antibodies induce a 

significant stiffening of cardiomyocytes (Fig. 20, P<0.001) compared to cardiomyocytes 

incubated with control goat IgG (Fig. 21). On the contrary, incubation of cardiomyocytes with 

control goat IgG showed a significant decrease in cell stiffening (P<0.05) after 25 min 

incubation time. The mechanism of cell stiffening is however, unknown. It can be speculated 

that the CD32A-antibody may crosslink FcγRs by binding with its Fab-fragment to the FcγR 

and with its Fc-fragment to another close-by FcγR, expressed on cardiomyocytes (Fig. 28), 

inducing signaling whereas normal goat IgG bind with its Fc-fragment to FcγR, inducing no 

signaling [20]. The FcγRIIa can induce an activating signal via its cytoplasmic domains [20]. 

Normally, immune complexes can activate FcγRs by cross-linking them. Then the signaling 

pathway starts with phosphorylation of the immune receptor tyrosine-based activation motif 

(ITAM). This leads to the activation of the signaling molecule SYK followed by the 

activation of various downstream targets. Finally, phospholipase Cγ is activated leading to an 

increased intracellular calcium level from the endoplasmic reticulum resulting in cell 

activation [25, 104]. It can be speculated that the activation of FcγR might be responsible for 

cell stiffening as a result of cytoskeleton remodeling.  
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Fig. 28: Assumed binding effects of antibodies on cardiomyocytes. 
Control Ab (normal goat IgG) bind with its Fc-part to the FcγR inducing no signal transduction. Whereas anti-
FcγR-Ab (CD32A) bind with its Fab- and Fc-part to the FcγR inducing a signal transduction resulting in cell 
stiffening as hypothesized. This effect can be blocked by pre-incubation of control Ab. 

 

Mechanical properties of the cell are regulated by the cytoskeleton [105, 106]. Previous work 

demonstrated a correlation between cytoskeleton elements and cell mechanics by disrupting 

actin filaments with Cytochalasin D (Berthold et al., submitted) [94, 106, 107] or by 

disrupting microtubules with nocodazole [94, 106]. Recently, Jalilian et al. showed that 

different isoforms of tropomyosin, an actin associated protein, play also a role in regulating 

cell stiffness. In future research, cytoskeleton elements should be taken into consideration to 

determine their possible involvement to the mechanical response.  

Cardiomyocytes without antibody-treatment have a Young’s modulus about 2 kPa (Table 3, 

4). Compared with results published in the literature, this is a relative low elastic modulus. It 

was shown that cardiomyocytes from two-months-old Sprague Dawley rats have a Young’s 

modulus about 34-44 kPa on laminin-coated petri-dishes [108] and cardiomyocytes from one-

day-old Sprague Dawley rats have a Young’s modulus about 12-13.5 kPa on substrates 

(polyacrylamide) with different stiffness [94]. Cardiac fibroblasts derived from human LV 

tissue sample have a Young’s modulus about 3.3 kPa and fibroblasts derived from human RV 

tissue sample have a Young’s modulus about 4.8 kPa [59]. One reason for the low elastic 
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modulus of cardiomyocytes could be the type of cells used. In the current study, 

cardiomyocytes were isolated from Wistar rats behaving maybe different than Sprague 

Dawley rats. Another reason could be that the underlying substrate influences the stiffness of 

cardiomyocytes. Previous work demonstrated a relation between the substrate-mediated 

stiffness and contraction of cardiomyocytes. It was shown that rat heart cells seeded on 

collagen-coated polyacrylamide substrates with different Young’s moduli contract differently 

[109]. Bhana et al. found that intermediate stiffness (22-50 kPa) is optimal for heart cell 

function, while Bajaj et al. showed that on substrates with tissue-like stiffness (18 kPa) cells 

have the highest beating rate [110]. Another work showed that cardiac fibroblasts on 

substrates with different stiffness show different elastic moduli and that the cytoskeleton 

organization contributed to the elastic modulus change of fibroblasts [94].   

In this thesis there was no significant difference between treatments detected in respect to 

absolute cell stiffness values (Table 5). This may be explained by the fact that each isolated 

rat cardiomyocyte has a different Young’s modulus before adding the antibodies, and 

therefore, their elasticity is different in the beginning. Cardiomyocytes treated with control 

goat IgG have a higher Young’s modulus before adding the antibody compared to the 

cardiomyocytes treated with CD32A-antibodies. A reason for these differences might be the 

biological variation of the material, since the cardiomyocytes used in this study derived from 

different heart preparations/cell isolations.  

The difference in the percent change in cell elasticity is significant after 5 min (Fig. 23). 

Immediately after adding the antibody to the cardiomyocytes (time = 0) no significant 

difference but borderline significance, was observed. This observation may be due to the 

variance or the change in cell elasticity has to stabilize.   

The observed cell stiffening induced by incubation of CD32A-antibodies might have an 

important clinical relevance. Previously, Berthold et al. (submitted) showed an increase in 

cell elasticity of neutrophil granulocytes incubated with HNA-3a antibodies, which induce 

transfusion related acute lung injury (TRALI), a complication after blood transfusion (data 

not published). The critical step of TRALI is the neutrophil passage through pulmonary 

capillary. The authors showed that neutrophils become stiffer in the presence of HNA-3a 

antibodies and can no longer pass the pulmonary capillary, so that they accumulate. 

Regarding the present study, an increase in cardiomyocyte stiffness will negatively influence 

cell contraction which, in turn, may contribute to the development of systolic/diastolic 

disorder in DCM patients. Berthold et al. also showed by pre-treatment of granulocytes with 
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Cytochalasin D that F-actin is involved in the antibody-mediated granulocyte stiffening. It can 

be also tested in future experiments, if F-actin is involved in the cell stiffness of 

cardiomyocytes. 

Our study has some limitations. The stiffness of cardiomyocytes was investigated in the pre-

heated BioCell of the AFM maintaining environmental conditions. But the atmospheric 

conditions (5% CO2) were not maintained and therefore, the duration of the experiment is 

time-limited. Domke et al. established a method to investigate cells under environmental 

conditions (5% CO2, 37°C) by covering the whole AFM setup by a plastic box [58]. Another 

limitation of the present study is that the sample must be well attached to an appropriate 

substrate to withstand the force exerted by the probe. Sometimes, it was observed that some 

cardiomyocytes were wobbling when pressing with the cantilever on their surface. These 

cardiomyocytes were not well attached to the laminin-coated cover slip and therefore, 

excluded from analysis. Future experiments can include cardiomyocyte attachment on type I 

collagen [56] or maybe a reduced concentration of laminin-coated cover slip as described 

earlier [62]. 

With regard to previous work, showing that cardiac fibroblasts derived from the LV have a 

decreased cell stiffness when compared to cardiac fibroblasts derived from the RV [59] it will 

be interesting to explore whether there will be a similar difference in stiffness of 

cardiomyocytes derived from the left and the right ventricle as well. 

Furthermore, it will be motivating to compare the stiffness of single cardiomyocytes and of 

cardiomyocytes in a confluent layer. Previous work already found a difference in the behavior 

of the contractility of single cardiomyocytes (irregular beating) and cardiomyocytes in a 

confluent layer (very regular beating in terms of pulse shape and frequency) [58].  

By incubating cardiomyocytes with CD32A-antibodies it was shown that these 

cardiomyocytes become stiffer. Another interesting point would be to investigate whether the 

beta-adrenergic agonist isoproterenol (that induces positive inotropic effects) and in contrast 

the L-type calcium channel blocker verapamil (that induces negative inotropic effects) have 

also an effect on the elasticity/contraction of cardiomyocytes. Yoshikawa et al. [111] showed 

that cardiomyocytes isolated from isoproterenol-treated rats have a significantly higher elastic 

modulus in the transverse direction than the control group. Moreover, it was shown that 

verapamil decreased the beating frequency of spontaneous beating rat cardiac myocytes [112] 

and that isoproterenol increased the beat rate of cardiomyocytes [55].  
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Further investigations have to be performed on the signaling process. According to previous 

work [20], CD32A-antibodies can be cleaved in F(ab)2- or Fc-fragment and applied in the 

stiffening experiments to clarify whether the fragments can also induce cell stiffening. 

The current data show that pre-incubation of cardiomyocytes with control goat IgG followed 

by an incubation step with CD32A-antibodies, do not induce stiffening. This indicates that 

potentially expressed Fcγ-receptors on cardiomyocytes are blocked so that CD32A-antibodies 

cannot bind to the Fcγ-receptor anymore and therefore, cannot induce stiffening of 

cardiomyocytes.  

It might be that the effect of anti-idiotypic antibodies plays a role by blocking the CD32A-

antibodies. Anti-idiotypic antibodies recognize the variable region of the heavy and light 

chain [113, 114]. Goat IgG antibodies may recognize the variable region of CD32A-

antibodies and block in this way the effect of CD32A-antibodies. However, this effect seems 

to be unlikely because normal goat IgG was added in excess. Potentially, a small part blocks 

CD32A-antibodies, but not the whole antibodies.  

Further studies are required to proof whether the stiffening induced by incubation of CD32A-

antibodies to cardiomyocytes can be blocked by using either Fab-fragment (lacking the Fc-

part of the intact immunoglobulin) or Fc-fragment (lacking the Fab-part of the intact 

immunoglobulin) instead of the whole antibody (control goat IgG). This could give additional 

information whether the binding of the Fab- or Fc-fragment alone is sufficient to induce 

stiffening of cardiomyocytes. The advantage is that this would also exclude the effect of 

potential anti-idiotypic antibodies. In previous work cardiomyocytes were pre-incubated with 

human Fc-fragments followed by addition of intact IgG antibodies of DCM patients (with 

negative inotropic antibodies). This resulted in an inhibition of the functional effects of intact 

DCM IgG [20].  

 

4.4 The influence of anti-FcγR-antibodies on the contraction 

of cardiomyocytes 

Furthermore, the current results show that incubation of cardiomyocytes with CD32A-

antibodies induce a significant decrease in cell contraction over time (Fig. 25, P<0.001). This 

is only a time effect and has no biological relevance. The contraction decreases from 0.13 Hz 
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to 0.1 Hz, corresponding to 7.8 beatings/min and 6 beatings/min. The same is observed when 

cardiomyocytes are incubated with control goat IgG (Fig. 26, P<0.001). The contraction 

decreases from 0.1 Hz to 0.07 Hz, corresponding to 6 beatings/min and 4.2 beatings/min. 

However, when compared among each other, no significant difference is observed 

(p=0.4225). This indicates that both antibodies induce a slight decrease in cell contraction but 

independently of the antibody used, there is no difference between control goat IgG and 

CD32A-antibodies.  

Previous work showed that rat cardiac myocytes isolated from two-day-old Sprague-Dawley 

rats contracted spontaneously at 3-4 Hz [56], rat ventricular myocytes from adult male Wistar 

rats contracted spontaneously at 0.59 Hz [57] and rat atrial myocytes contracted 

spontaneously at 0.20 Hz [103]. The measured beating frequency of cardiomyocytes without 

Ab-treatment (0.1 ± 0.03) is lower compared to previous work. One reason could be that 

neonatal rat cardiac myocytes contract differently than adult rat cardiac myocytes. Another 

reason is that cardiac myocytes were cultured for 7-9 days before experiments [103]. Liu et al. 

used the torsional force of the cantilever for measuring the contraction of rat cardiomyocytes 

instead of deflection signal, which is considered to be more accurate [57]. 

For the blocking experiment, cardiomyocytes pre-incubated with control goat IgG followed 

by incubation with CD32A-antibodies showed a significant decrease in cell contraction    

(Fig. 27). This might indicate that the influence of the antibodies on the contraction of 

cardiomyocytes cannot be blocked. This is supported by the observation that both antibodies 

show similar effects (Fig. 25 and Fig. 26).    

Previous work examined the spontaneous mechanical pulsing of single cardiomyocytes as 

well as cardiomyocytes in a confluent [58] or sub-confluent layer [115]. It was found that 

single cardiomyocytes behave differently than confluent cells: time sequences of high 

mechanical activity alternated irregularly with time sequences of no mechanical activity. In 

the time of quietness, spontaneous single beats occasionally occur. In addition, the pulse 

amplitude showed high fluctuation. Cardiomyocytes in a confluent layer behaved more stable 

in terms of frequency and amplitude of the beat [58, 115]. These results confirm that it might 

be difficult to analyze the contraction of single beating cardiomyocytes, because their beating 

is irregular. Further studies should include analyzing the contraction of cardiomyocytes in a 

confluent layer. It could be also explored whether there is a difference in cell contraction in 

the presence of CD32A-antibodies using electrical field-stimulated cardiomyocytes instead of 

spontaneously beating cardiomyocytes. The advantage is that the beating will be 
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synchronized. Spontaneously-beating cardiomyocytes contract with different timing and 

dynamics making possibly difficult to find a difference in the contraction. Previous work 

already used electrical field-stimulated cardiomyocytes [62, 116].  

In this study, the contraction of cardiomyocytes was investigated using vertical deflection of 

the AFM cantilever. Recent work showed a more sensitive method to detect contraction of 

cardiomyocytes by measuring the torsion of the AFM cantilever due to a cell contraction in a 

lateral way [57]. This method could be used for further investigations. 

To obtain more information about the contraction of cardiomyocytes, intracellular calcium 

concentrations could be imaged using a fluorescent indicator [117]. 

In summary, for our investigations it was shown that anti-FcγR-antibody have no effect on the 

cardiomyocyte dynamics but they influence the cardiomyocyte mechanics.  

 

5 Conclusion and Outlook 

Biophysical tools (QCM and AFM) have been used to study cardiomyocyte-antibody-

interaction and the mechanical properties of cardiomyocytes.  

In this work, it has been shown by QCM that cardiomyocytes interact with anti-FcγR-

antibodies potentially indicating the expression of FcγR on the surface of cardiomyocytes.  

Analyses using the AFM revealed that anti-FcγR-antibodies have an influence on the 

mechanodynamics of cardiomyocytes. The stiffness of cells treated with CD32A-antibodies 

significantly increased, whereas the contraction remains unaffected.  

Finally, the present study showed that nano-technological methods such as QCM and AFM 

are useful tools to gain more information about biophysical processes in cardiomyocytes. 

Their use will bridge biology, medicine, biophysics and immunology. Based on the findings 

of this work, these techniques can be further applied to study antigen-antibody-interactions, 

receptor-ligand binding, protein-protein interactions or mechanodynamics of cells in the 

context of other autoimmune diseases helping to better understand the underlying 

mechanisms that play a role in the pathogenesis of the disease. 
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