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Abstract 

 

The scientist’s advancement in human biological and physiological understanding, and the 

engineer’s increasing capabilities has allowed for development of mechanical circulatory 

support (MCS) devices with improved biocompatibility.  Indeed, investigations into the 

mechanical responses of red blood cells (RBC) to supra-physiological shear stress and the 

underlying biochemical processes have provided an outline of the RBC mechanical sensitivity 

(MS) and allowed for identification of the functional tolerance of RBC (i.e., the ability of the 

RBC to deform) to shear stress.  Nevertheless, the adaptations of RBC to supra-physiological 

shear stress are complex, being influenced by shear stress magnitude, duration, frequency and 

relaxation time, as well as underlying biochemical processes.  The principal aim of this thesis 

was therefore to investigate the effects of shear stress, within the physiological and supra-

physiological domains (viz., shear stress reflective of MCS devices), on blood biochemical 

and mechanical properties.  The subjects of the present studies were all 26 ± 7 yr old males 

free of known cardiovascular, metabolic, neurologic, and haematological disorders. 

 

The purpose of Study One was to examine RBC tolerance to the upper limits of supra-

physiological shear stress within the subhaemolytic domain.  RBC suspensions were exposed 

to discrete magnitudes of shear stress (5 - 100 Pa) for specific durations (1 - 16 s). RBC 

deformability was subsequently measured via ektacytometry and to identify whether 

haemolysis occurred during exposure to shear stress, free haemoglobin in plasma (pfHb) was 

quantified via spectrophotometry. To evaluate the susceptibility of RBC to subhaemolytic 

damage, the MS index was calculated from RBC deformability data.  Study One found RBC 

MS was significantly improved following exposure to a pre-conditioning shear stress of 5 Pa 

for 16 s, 25 Pa for 2 – 16 s, 50 Pa for 1 – 8 s, and 75 Pa for 1 s (p < 0.05).  In contrast, RBC MS 

was significantly impaired following exposure to a pre-conditioning shear stress of 75 Pa for 8 

– 16 s, and 100 Pa for 4 – 16 s (p < 0.05).  For all shear conditions, there was no significant 

increase in pfHb.. As such, Study One, utilising a predictive model recently developed for the 

assessment of RBC MS, found shear stress at the upper limits of the subhaemolytic domain 

impairs the RBC MS.  Use of this model for haemocompatibility testing of MCS devices can 

provide insight for the design of future devices. 
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Study Two aimed to validate the MS index via investigation of RBC MS exposed to supra-

physiological shear above, and below the subhaemolytic threshold across different durations of 

exposure.  The main finding being that whilst a pre-conditioning shear stress above the 

subhaemolytic threshold can impair RBC deformability, as indicated by the MS index, a pre-

conditioning shear stress below the subhaemolytic threshold can improve RBC deformability 

(p < 0.001). 

 

The purpose of Study Three was to investigate changes in RBC deformability following 

exposure to shear stress below the reported “haemolytic threshold” using shear exposure 

durations per minute (i.e., duty-cycles) reflective of that employed by MCS devices.  Blood 

samples were exposed to an intermittent shear stress protocol of 1 s at 100 Pa, every 60 s for 60 

duty-cycles.   During the remaining 59 s per min, the cells were left at stasis until the subsequent 

duty-cycle commenced.  At discrete time points (15/30/45/60 duty-cycles), an ektacytometer 

measured RBC deformability immediately after shear exposure at 100 Pa.  Additionally, the 

pfHb, a measurement of haemolysis, was quantified via spectrophotometry, following 30, and 

60 duty cycles.  As such, Study Three found supra-physiological shear stress impaired RBC 

properties, as indicated by: 1) decreased maximal elongation of RBC at infinite shear stress 

following 15 duty-cycles (p <0.05); 2) increased real-time RBC deformability during 

application of the supra-physiological shear stress protocol (100 Pa) following exposure to 1 

duty-cycle (F (1.891, 32.15) = 12.21, p = 0.0001); and 3) increased pfHb following 60 duty-

cycles (p <0.01).  The findings from Study Three, therefore, indicate that exposure of RBC to 

short-term, repeated supra-physiological shear stress, impairs RBC deformability, with the 

extent of impairment exacerbated with each duty-cycle, and ultimately precipitates haemolysis. 

 

The intention of Study Four was to begin investigating the underlying biochemical processes 

that contribute to RBC function following exposure to supra-physiological shear stress. As  

RBC traverse the circulatory system, they are exposed to varying degrees of shear stress that 

initiates RBC-derived nitric oxide (NO) production that can enhance RBC deformability, and 

contribute to vasodilation.  Thus, Study Four began an investigation into the dose-response of 

shear-mediated activation of RBC-nitric oxide synthase (NOS) given that RBC-NOS appears 

to be highly dependent upon shear stress for activation. Whole blood samples were exposed to 
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a specific “conditioning” magnitude of shear stress (0.5, 1.5, 4.5, 13.5 Pa) for discrete exposure 

times (1, 10, 30 min).  Immediately following the conditioning period, the blood sample was 

fixed for measurement of RBC-NOS activation utilising immunofluorescence labelling.  RBC-

NOS activation without prior exposure to shear stress was also taken for quantification of 

baseline RBC-NOS activation. Shear stress at 0.5, 1.5, and 13.5 Pa significantly increased RBC-

NOS activation following 1 min (p < 0.05).  No significant increase in RBC-NOS activation 

was observed after 10 min for any magnitude of shear stress; however, RBC-NOS activation at 

0.5, 4.5, and 13.5 Pa was significantly increased after 30 min (p < 0.05).  Study Four found 

Shear stress at 0.5, 1.5, and 13.5 Pa significantly increased RBC-NOS activation following 1 

min (p < 0.05).  No significant increase in RBC-NOS activation was observed after 10 min for 

any magnitude of shear stress; however, RBC-NOS activation at 0.5, 4.5, and 13.5 Pa was 

significantly increased after 30 min (p < 0.05).  The present study found that the enzymatic 

response of RBC-NOS to shear stress is non-linear and differs for a given magnitude and 

duration of shear stress exposure 

 

To further investigate these processes, Study Five investigated a dose-response of shear stress 

and RBC-derived NO production.  Human RBC, separated from whole blood, were prepared 

with the molecular probe, diamino-fluorescein diacetate for fluorometric detection of NO.  

Subsequently, prepared RBC were exposed to discrete magnitudes of shear stress (1, 5, 10, 35, 

40, 100 Pa) for 30 min. The primary findings from Study Five being that intracellular RBC-

derived NO fluorescence was significantly increased (p < 0.05) at the following timepoints and 

magnitudes of shear stress exposure when compared to baseline: (a) 1 min - 100 Pa; (b) 5 min 

- 1, 5 Pa; (c) 15 min – 1, 5, 35 Pa; (d) 30 min – 35 Pa.  Extracellular RBC-derived NO 

fluorescence was significantly increased (p < 0.05) at the following timepoints and magnitudes 

of shear stress exposure when compared to baseline: (a) 1 min – nil; (b) 5 min – 100 Pa; (c) 15 

min – 100 Pa; (d) 30 min – 40, 100 Pa.  These data indicate that: 1) a dose-response exists for 

the RBC-derived production of NO via shear stress; and 2) exposure to supra-physiological 

shear stress induces the release/leakage of RBC-derived NO into the extracellular milieu. 

 

To complete the current Thesis, Study Six directly investigated the effects of supra-

physiological shear stress from a MCS device on RBC function, whilst also measuring routine 
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biomarkers of haemocompatibility.  Study Six introduced pulsatile flow to the HeartWare 

HVAD using a custom-built controller and compared haemocompatibility biomarkers (i.e., 

platelet aggregation, concentrations for ADAMTS13, von Willebrand factor (vWf), and pfHb, 

RBC deformability, and RBC-NOS activity between continuous and pulsatile flow in a blood 

circulation loop over 5 hours. The HeartWare HVAD was operated using a custom-built 

controller, at continuous speed (3282 rev/min) or in a pulsatile mode (mean speed = 3273 

rev/min, amplitude = 430 rev/min, frequency = 1 Hz) to generate a blood flow rate of 5.0 L/min, 

HVAD differential pressure of 90 mmHg for continuous flow and 92 mmHg for pulsatile flow, 

and systolic and diastolic pressures of 121/80 mmHg.  For both flow regimes, Study Six found; 

1) ADP- and Collagen-induced platelet aggregation, and ADAMTS13 concentration 

significantly decreased after 5 hours (p < 0.01; p < 0.05), 2) Ristocetin-induced platelet 

aggregation significantly increased after 45 min (p < 0.05), 3) vWf concentration did not 

significantly differ at any time point, 4) pfHb significantly increased after 5 hours (p < 0.01), 

5)  RBC deformability improved during the continuous flow regime (p < 0.05) but not during 

pulsatile flow, and 6) RBC-NOS activity significantly increased during continuous flow (15 

min), and pulsatile flow (5 hours; p < 0.05).  Subsequently, Study Six demonstrated: 1) speed 

modulation does not improve haemocompatibility of the HeartWare HVAD based on no 

observable differences being detected for routine biomarkers, and 2) the time-course for 

increased RBC-NOS activity observed during continuous flow may have improved RBC 

deformability. 

 

The findings presented in this thesis confirm that the supra-physiological shear stress blood is 

exposed to whilst traversing MCS devices is detrimental to RBC function and is likely 

contributing to ‘downstream’ complications such as haemolysis, impaired tissue perfusion, 

increased platelet activity, thrombus formation, and intravascular bleeding.  Important findings 

of the present thesis, however, suggest that applications of these data may be beneficial in 

clinical populations that require life-support and/or have tissue perfusion limitations.  Indeed, 

the potential of NO to mediate multiple processes within the vasculature, including RBC 

deformability, platelet activation, immune defence and vasodilation, are clear indicators of the 

therapeutic potential of NO.  Understandably, research endeavours into the therapeutic benefits 

of NO for MCS range from an anticoagulant, an inhalant during extracorporeal membrane 

oxygenation, and a biopolymer coating of vascular grafts.  And yet, research into the therapeutic 

benefits of NO on RBC function is, to date, limited.  Nevertheless, the potential of NO as a 
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‘killer’ molecule should not be understated.  Further investigations are thus required into the 

actions of RBC-derived NO are required, especially considering the current thesis confirms 

RBC may release vast quantities of NO into the extracellular milieu when exposed to supra-

physiological shear stress.  
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Chapter 1 Overview 

A review of the literature and statement of aims 

1.1 Significance of shear stress on blood function 

The flow of blood throughout the vasculature exposes the endothelial layer lining the 

vasculature, and the components of blood, to fluid forces.  One of the primary fluid forces 

exerted upon the vasculature, and blood, is shear stress and its magnitude is determined by the 

flow rate, and geometrical features and structural network of the vasculature (Secomb & Pries, 

2007).  Alterations in shear stress caused by changes in the haemodynamic continuum are 

transmitted via mechanotransduction into biochemical responses to regulate important 

physiological responses.   This includes the regulation of vessel tone, and maintenance of the 

anticoagulant properties of the endothelium (Davies, 1995, 2009).  In addition, alterations in 

shear stress induces significant changes on haemorheological parameters, including blood 

viscosity owing to its non-Newtonian properties, and red blood cells (RBC) ability to alter their 
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morphology to traverse the microcirculation and maintain adequate tissue perfusion; this is 

referred to as RBC deformability (Baskurt & Meiselman, 2003; Cicco & Pirrelli, 1999; Wang 

& Popel, 1993).  While the physiological range of shear stress within the vasculature is between 

approximately 0.1 and 15 Pa, shear stress that is above this range, termed ‘supra-physiological 

shear stress’, can have adverse effects upon biological processes. 

 

Pathophysiological mechanisms that respond to supra-physiological shear stress include 

increased platelet activity, and increased haemolysis (Anderson et al., 1978; Helms et al., 2013; 

O'Brien, 1990).  These pathophysiological processes are also complications that persist in 

mechanical circulatory support (MCS) devices including artificial blood pumps, dialysis 

machines, and extracorporeal membrane oxygenation (Steinlechner et al., 2009; Stepanenko et 

al., 2011).  Indeed, the exposure of blood to supra-physiological shear stress is primarily 

observed in MCS devices where the magnitude of shear stress that RBC are exposed to can 

reach 1000 Pa (Lee et al., 2004).  Although exposure duration to supra-physiological shear 

stress within MCS devices is limited, it is considered the magnitude of shear stress to which the 

blood is exposed that causes lethal damage to RBC.  However, scientific research indicates that 

the level of shear stress required for haemolysis is dependent upon both the magnitude and 

duration of exposure. 

 

Paul et al. (2003) utilised a matrix of shear stress magnitude (30 – 450 Pa) and exposure duration 

(25 – 1250 ms) to find the haemolytic dose-response of shear stress to be any combination of 

shear stress magnitude ≥ 425 Pa and duration ≥ 620 ms.  As such, the developers of MCS 

devices currently attempt to regulate the shear stress inside the blood pump to less than 400 Pa 

(Giridharan et al., 2011).  Nevertheless, devices continue to exhibit haemolytic complications 

suggesting shear stress induced blood damage remains incompletely described.  This may be 

due to mechanical shear stress induced blood damage being a function of magnitude, exposure 

duration, relaxation time and frequency (Bernstein et al., 1967; Leverett et al., 1972; Paul et al., 

2003).  Indeed, Simmonds, Atac, et al. (2014) demonstrated that an accumulation of intermittent 

supra-physiological shear stress exposure is equivalent to continuous supra-physiological shear 

stress exposure.  The ability to minimise mechanical shear stress induced blood damage should 

not be understated given intravascular haemolysis may lead to haemolytic anaemia, decreased 
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nitric oxide (NO) bioavailability, and subsequently increased platelet activity and platelet 

aggregation (Helms et al., 2013).  However, by investigating sub-lethal damage to RBC prior 

to haemolysis, the characterisation of mechanical shear stress induced blood damage may be 

better understood. 

 

Identifying structural and functional changes in RBC, including impaired RBC deformability 

and associated biochemical processes, provide a path for the investigation of RBC sub-lethal 

damage.  An insightful study by (Simmonds & Meiselman, 2016) utilised a similar matrix to 

Paul et al. (2003) whereby RBC deformability was measured following exposure to a range of 

shear stress magnitudes (1 - 64  Pa) and duration times (1 - 64 s).  Although Simmonds and 

Meiselman (2016) could identify a subhaemolytic threshold, more questions were raised in 

defining the upper limits of RBC tolerance to supra-physiological, but subhaemolytic, shear 

stress that is typically observed within MCS devices.  Moreover, while Simmonds and 

Meiselman (2016) astutely described the structural changes that occur at the subhaemolytic 

threshold (i.e., altered deformability), further research is required to identify the underlying 

functional changes (i.e., associated biochemical processes).  A principal biochemical mediator 

of RBC rigidity is NO, which has been demonstrated to improve RBC deformability (Bor-

Kucukatay et al., 2003; Grau et al., 2013).  Whether there is a change in NO production, 

bioavailability, or damage to regulatory proteins during exposure to supra-physiological shear 

stress remains to be elucidated and thus, requires further research.  Moreover, a decrease in NO 

bioavailability may also increase platelet activity (Simmonds et al., 2017).  Thus, by 

investigating the biochemical and functional changes in haemorheology during exposure to 

supra-physiological shear stress may provide an early biomarker of haemocompatibility for 

MCS devices. 

 

Current biomarkers of haemocompatibility of MCS devices include haemolysis, platelet 

activity, and plasma proteins involved in thrombi formation, including von Willebrand factor 

and ADAMTS13 (Anderson et al., 1978; O'Brien, 1990; Seyfert et al., 2002; Steinlechner et al., 

2009).  Nevertheless, complications persist and patients that utilise MCS suffer severe 

complications including, but not limited to, intravascular bleeding, infection, renal and hepatic 

dysfunction, and cardiovascular events including thrombosis, hypertension, and right heart 
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failure (Kirklin et al., 2015).  Moreover, the quality of life for patients in receipt of MCS is still 

compromised, with patients reporting anxiety/depression, pain and discomfort (Kirklin et al., 

2015).  And although health-related quality of life has improved in recent years, up to 25% of 

patients still report problems in quality of life (Kirklin et al., 2015).  Thus, given the current 

demand for organ transplant (e.g., a new patient is added to the American transplant list every 

10 min (Services, 2018) and subsequent growing reliance on artificial devices, it is essential 

that the engineering of future generation MCS devices is designed to comply with more 

effective biomarkers of haemocompatibility; nevertheless, more effective biomarkers of 

haemocompatibility are required prior to any future design.  Given that haemorheological 

characteristics are altered following exposure to the supra-physiological shear stress present in 

MCS devices, haemorheological responses may present early-stage biomarkers of 

haemocompatibility.  With identification of early-stage biomarkers, design of MCS devices 

may be improved that ultimately improves health-related quality of life for patients, extend life 

expectance, and reduce financial health care burden. 

 

1.2 Shear stress within the vasculature 

1.2.1 Shear stress and haemorheology 

Blood is a two-phase suspension that consists of formed elements (i.e., RBC, white blood cells 

and platelets) suspended in plasma; thus, the viscosity profile of blood is considered a ‘non-

Newtonian, shear-thinning fluid’ (Baskurt & Meiselman, 2003).  Many physical factors 

including vessel diameter, length, geometrical features and mechanical properties, the 

structures of vascular networks that are formed and the rheological properties of blood will 

impact upon flow velocity and thus determine the degree of shear stress that is experienced 

within the vasculature; however, a primary determinant of shear stress is blood viscosity.  

Alterations in whole blood viscosity occur via changes in haematocrit, plasma viscosity and red 

cell rheological properties including RBC deformability and RBC aggregation.  Indeed, within 

the microcirculation the dependence of blood viscosity on haematocrit is highlighted by the 

Fåhræus-Lindqvist effect that results in the axial migration of RBC in larger vessels (Peng et 

al., 2013).  Subsequently, as the arteries bifurcate to smaller vessels there is a concomitant 

decrease in haematocrit, and thus apparent blood viscosity and shear stress.  Barras (1969) 

hypothesised that due to this absolute decrease in microcirculatory haematocrit (i.e., 
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approximately 10 – 20%), the viscosity of plasma is a primary determinant of microcirculatory 

perfusion.  The plasma component of blood is a highly concentrated protein solution and is thus 

influenced by protein content; the molecular weight, pH sensitivity, and spherical shape of each 

plasma protein alters plasma viscosity (Kesmarky et al., 2008).  These plasma proteins, 

including fibrinogen, von Willebrand factor and albumin are proposed to not only contribute to 

plasma viscosity but also protect RBC from mechanical damage (Kameneva et al., 1997).  

Nevertheless, within the microcirculatory network where the diameter of the vessels decrease 

to ~ 3-5 µm (Wiedeman, 1963), there is once again a shift in the primary determinant of blood 

viscosity from the viscosity of plasma to the deformability of RBC. 

 

Red blood cell deformability is governed by physical properties including RBC geometry (i.e., 

the biconcave-discoid shape) made possible by the surface area-to-volume ratio, the elasticity 

of the cytoskeletal membrane protein network, and the intracellular viscosity, which is 

influenced by intracellular protein content (Chien, 1981).  Indeed, these unique properties of 

RBC provide them with the ability to deform and traverse capillaries that are substantially 

smaller in diameter than themselves (i.e., ~ 8 µm).  Given the spatial or geometric challenges 

that RBC face in traversing the capillary network, RBC enter in a single-file flow, which  

subsequently increases the apparent viscosity of the capillary network (Popel & Johnson, 2005; 

Secomb, 2003).  This inversion of the Fåhræus-Lindqvist effect induces wall shear stress, 

providing stimulation of the endothelial production of NO via endothelial nitric oxide synthase 

(eNOS) and ultimately vasodilation (Martini et al., 2005).  Thus, even at low shear rates the 

importance of RBC deformability should not be understated: RBC deformability may 

potentially assist in the delivery of oxygen.  Seminal research by Duling (1972, 1973a, 1973b) 

observed that the relative diameter of blood vessels is dependent on oxygen saturation; 

however, changes in oxygen saturation cannot be entirely attributed to the direct action of 

oxygen, thus indicating the involvement of other regulatory mechanisms.  Given that RBC 

deformability is an important contributor to blood viscosity at high shear rates and helps to 

govern flow dynamics (Cokelet & Meiselman, 2007), it is plausible that the deformability of 

the RBC is another regulatory mechanism involved in maintaining tissue oxygenation.  

Certainly, various clinically relevant disease states and conditions that present with local tissue 

hypoxia including acute ischaemic stroke (Ernst et al., 1988), Raynaud’s phenomenon (Herrick, 

2005), and sickle cell disease (Rabai et al., 2014), have demonstrated decreased RBC 



Overview  J.T. Horobin 

6 | P a g e  

deformability.  Accumulating evidence indicates that this structural change in RBC 

deformability is the product of a functional change in associated biochemical processes: 

specifically, NO. 

 

1.2.2 Shear stress and blood biochemistry 

Nitric oxide is a key mediator of vascular homeostasis and exerts multiple protective functions 

due to its free radical nature, and the ability of nitrogen to assume a variety of oxidation states 

(Gow & Ischiropoulos, 2001).  The vasculoprotective functions of NO include antioxidant 

effects, blood flow regulation, and respiratory control (Owusu et al., 2012).  The principal 

source of endogenous NO is the NOS family of enzymes of which there are three primary 

isoforms: inducible NOS (iNOS), neuronal NOS (nNOS) and eNOS (Forstermann & Kleinert, 

1995).  All the active NOS isoforms enzymatically produce NO by converting L-arginine to L-

citrulline in the presence of co-substrates, nicotinamide adenine dinucleotide phosphate 

(NADPH), oxygen (O2) and co-factors that include tetrahydrobiopterin, flavin adenine 

dinucleotide and flavin mononucleotide (Eligini et al., 2013; Forstermann & Sessa, 2012).  

Traditionally, RBC have been considered ‘sinks’ for NO which rapidly reacts with haemoglobin 

(Hb), O2, and other radicals; however, the identification of an active eNOS isoform within RBC 

(Kleinbongard et al., 2006), referred to as RBC-NOS hereinafter, gives credence to the 

hypothesis that NO has an active role within RBC. 

 

Kleinbongard et al. (2006) utilised a variety of methods for determining the presence of the 

NOS protein including immunofluorescence and confocal microscopy, and western blotting.  

Moreover, Kleinbongard et al. (2006) determined the RBC-NOS isotype via RT-PCR, and 

found that RBC-NOS induced production of NO was dependent on intracellular calcium (Ca2+) 

concentration, and phosphorylation at serine residue 1177.  The stimulation of these two 

pathways for activation of the eNOS isotype, may be regulated via shear stress (Boo et al., 

2002; Lansman et al., 1987).  Shear stress increases membrane permeability of monovalent 

cations and Ca2+, and is referred to as the Ca2+-dependent pathway.  Additionally, shear stress 

can induce activation of the eNOS isotype via mechanotransduction, resulting in post-

translational modification of key protein residues, referred to as the Ca2+-independent pathway 
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(Davies, 1995).  Indeed, recent studies have demonstrated increases in RBC-NOS activity and 

NO production within RBC exposed to a low magnitude of shear stress (Ulker et al., 2013; 

Ulker et al., 2011).  These studies build upon earlier evidence of a potential biological target 

for NO within RBC; specifically, RBC deformability. 

 

Starzyk, Korbut, & Gryglewski (1999) first identified an improvement in RBC deformability 

when infusing rat RBC with SIN-1, an active metabolite of molsidomine that spontaneously 

releases NO.  Starzyk et al. (1999) also demonstrated that rat RBC deformability was impaired 

when infused with L-NAME, a NO synthase-inhibitor.  These studies have subsequently been 

validated by the work of Grau et al. (2013) who demonstrated RBC deformability is actively 

regulated via phosphorylation of RBC-NOS, and that RBC-NOS derived NO results in 

increased RBC deformability via direct S-nitrosylation of cytoskeletal proteins, α- and β-

spectrin.  S-nitrosylation is the covalent modification of a protein cysteine thiol by an NO group 

to generate an S-nitrosothiol (SNO).  However, the ability of RBC-derived NO to contribute to 

the vascular pool of bioavailable NO is yet to be elucidated. 

 

Within the RBC, NO readily binds to deoxyHb which has a high affinity for membrane bound 

anion exchanger, Band-3, to form iron-nitrosyl-Hb (Walder et al., 1984).  Jia et al. (1996) 

elucidated that as RBC move into regions of increased PO2 (e.g., pulmonary system), NO 

translocates to the cysteine β93 residue to form SNO-Hb (Stamler et al., 1997).  Thus, as RBC 

traverses the arterial system and PO2 decreases, NO loses its binding affinity for the cysteine 

β93 residue of SNO-Hb and is exported out of the cell via Band-3 (Pawloski et al., 2001).  

Alternatively, NO may also bind with oxyHb to form metHb and nitrate, and can rapidly react 

with O2 to form nitrite (Eich et al., 1996; Ignarro et al., 1993; Wennmalm et al., 1992).  The 

export of nitrite from RBC to contribute to vascular NO bioavailability has also been suggested 

to be via Band-3, based on a decrease in plasma nitrite following inhibition of Band-3 (Vitturi 

et al., 2009).  Nevertheless, the exact contribution of RBC-NOS derived NO to vascular 

function remains to be elucidated.  Ulker et al. (2013) identified that endothelium-denuded 

mesenteric arterial segments dilated when perfused in hypoxic conditions with RBC previously 

exposed to a shear stress magnitude of 2 Pa.  However, other local vasodilators such as 

adenosine triphosphate (ATP) were never measured, thus partially invalidating the conclusion 
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that the arterial dilation was solely the product of RBC-derived NO.  Nevertheless, the 

proposition that RBC may provide a novel source of NO for the vasculature may be of clinical 

significance given the effect of NO on platelet activity. 

 

Nitric oxide regulates platelet activity via the NO/soluble guanylyl cyclase (sGC)/cyclic 

guanosine monophosphate (cGMP)/Protein Kinase G (PKG) signalling cascade.  In platelets, 

the NO-sensitive sGC catalyses the formation of cGMP from guanosine-5-triphosphate that in 

turn acts as a second messenger to activate PKG.  In this manner, NO exerts its effects on 

platelet activity through several known mechanisms (Buechler et al., 1994).  Geiger et al. (1994) 

demonstrated that NO regulates platelet activation via inhibition of Ca2+ mobilisation from 

intracellular stores.  Trepakova et al. (1999) elucidated that the inhibition of Ca2+ mobilisation 

occurs via PKG promoting sarcoplasmic reticulum ATPase-dependent refilling of intraplatelet 

Ca2+ stores.  Additionally, PKG attenuates Ca2+ mobilisation by inhibiting inositol-1,4,5-

trisphosphate-stimulated Ca2+ release from the sarcoplasmic reticulum (Schlossmann et al., 

2000).  Moreover, NO mediates platelet activity via PKG which phosphorylates 

enabled/vasodilator-stimulated phosphoprotein (Ena/VASP); Ena/VASP is a protein that 

regulates actin cytoskeletal rigidity and is involved in focal adhesion dynamics (Galler et al., 

2006; Smolenski, 2012; Smolenski et al., 2000).  Subsequently, the phosphorylation of 

Ena/VASP impairs the cytoskeletal adaptability that is required for platelet adhesion and 

aggregation.  As such, a decrease in NO bioavailability is thought to exacerbate platelet activity, 

and platelet aggregation. 

 

Under normal physiological conditions, platelets remain in an inactive state while interacting 

with the thrombo-resistant endothelial lining of the vessel wall; however, when blood is 

exposed to blood-contacting artificial surfaces (e.g., MCS devices), platelet activity and 

aggregation are increased via the interaction of extracellular stimuli including plasma proteins 

and exposed collagen from injury to surrounding tissues; subsequently, platelet adhesion to 

biomaterial surfaces, or an injured vessel wall, is the primary and most important step leading 

to the activation of platelets to form a thrombus.  For this reason, a primary concern for the 

development of MCS devices is thrombus formation.  Moreover, it is well documented that the 

high-shear environment blood is exposed to whilst traversing MCS devices induces platelet 
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activation, and plays a central role in thromboembolism (Anderson et al., 1978; O'Brien, 1990; 

Steinlechner et al., 2009). 

 

1.3 Complications associated with supra-physiological shear stress 

1.3.1 Impact of supra-physiological shear stress on platelet activity 

Current generation MCS devices can exert shear forces up to 1000 Pa on blood cells and blood 

proteins, which induces non-specific cellular and protein adaptations, ultimately accelerating 

their degradation.  It is these adaptations that can be harnessed to identify the 

haemocompatibility of MCS devices.  For example, the adhesion molecule, P-selectin, is 

constitutively expressed on α-granule membranes inside of resting platelets.  Upon platelet 

stimulation, α-granules translocate to the plasma membrane exposing P-selectin on the platelet 

surface (Larsen et al., 1981).  The exposure of P-selectin on the platelet surface enhances 

platelet aggregation which is an essential process for thrombosis.  Merten and Thiagarajan 

(2000) established that P-selectin stabilises platelet-platelet aggregates under conditions of low 

shear stress; platelet aggregates are formed from the binding of fibrinogen to activated 

glycoprotein IIβ/IIIα (GP IIβ/IIIα) complex.  Glycoprotein IIβ/IIIα complex is a Ca2+ dependent 

heterodimer that is involved in several pathways that mediate platelet aggregation.  

Glycoprotein IIβ/IIIα complex is present in unstimulated platelets and stimulated platelets alike; 

however, during agonist-induced platelet stimulation there is an increase in platelet surface 

expression (Fitzgerald & Phillips, 1985).  The binding of fibrinogen is required for platelet 

aggregation as it mediates platelet aggregation by crosslinking the surfaces of activated platelets 

via GP IIβ/IIIα complex.  Bennett-Guerrero et al. (2007) elucidated that the binding site for 

fibrinogen on GP IIβ/IIIα complex is increased during platelet stimulation due to an agonist-

induced conformational change to GP IIβ/IIIα complex.  Glycoprotein IIβ/IIIα complex 

contains ligand binding sites that interact with four adhesive molecules: fibrinogen, von 

Willebrand factor (vWf), fibronectin, and vitronectin. Von Willebrand factor is unique in that 

it mediates platelet adhesion and platelet aggregation during exposure to high shear stress 

(Horvath et al., 2013; Savage et al., 1998). 
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During normal circulation, vWf is present in a closed globular confirmation that shields the 

platelet GP binding site.  When exposed to high levels of shear stress, however, vWf unfolds 

(Schneider et al., 2007).  Subsequently, platelet-binding sites that are located within the A1 

domain of vWf are exposed (Lankhof et al., 1995; Satoh et al., 2000).  The exposed binding 

site of vWf interacts with GP Iβ and GP IIβ/IIIα complex on platelets to mediate platelet 

adhesion and platelet aggregation.  The ability of vWf to mediate platelet aggregation under 

conditions of high shear stress is of importance.  Under low shears, platelet aggregates form 

that are dependent upon fibrinogen interacting with GP IIβ/IIIα complex (Bennett & Vilaire, 

1979; Peerschke et al., 1980).  In contrast, Ikeda et al. (1991) demonstrated that the binding of 

vWf to GP IIβ/IIIα and GP Iβ complexes is required to form stable aggregates at higher shears.  

However, the unfolding of vWf also coincides with the multimeric protein being susceptible to 

lysis by the plasma zinc metalloprotease, ADAMTS13 (Zhang et al., 2009); under high levels 

of shear stress the plasma zinc metalloprotease ADAMTS13 cleaves vWf and reduces the size 

of the multimer, thus decreasing the haemostatic potential of vWf (Zhang et al., 2009).  Indeed, 

recent evidence indicates continuous flow MCS devices such as the Heartmate II (Thoratec 

Corporation, Pleasanton, CA, USA) may induce intravascular bleeding.  Therefore, one of the 

key patient-pump interactions in MCS devices is the delicate balance between the pro-coagulant 

milieu predisposing the device to thrombus formation, and the risks of bleeding from 

anticoagulant factors (John & Lee, 2009).  To maintain this balance, biomarkers of 

haemocompatibility including end-stage platelet activity (e.g., P-selectin), and haemolysis, are 

utilised during the design and clinical testing of new MCS devices. 

 

A complication for patients receiving MCS devices is haemolysis of RBC.  Haemolysis results 

from the breakdown or leakage of the RBC membrane causing the cells contents, including 

haemoglobin, to be released into plasma (Sowemimo-Coker, 2002).  As RBC traverse MCS 

devices, they are exposed to a supra-physiological magnitude of shear stress that exceeds the 

ability of the RBC membrane to withstand, ultimately causing cell destruction.  Based on a 

study by Paul et al. (2003), developers of MCS devices currently regulate the flow field inside 

blood pumps to shear stress less than 400 Pa in an aim to not exceed the haemolytic threshold, 

so named for the ability to induce haemolysis (Giridharan et al., 2011).  The adverse effects of 

haemolysis are not limited to loss of RBC function.  Haemolytic anaemia, and decreased nitric 

oxide bioavailability due to scavenging by free-haemoglobin in plasma (pfHb), oxygen, and 
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other radicals released from RBC, exacerbates the vascular pathophysiological processes 

associated with MCS devices (Helms et al., 2013). Indeed, a decrease in nitric oxide 

bioavailability within the vasculature can increase platelet activity and platelet aggregation 

(Helms et al., 2013).  As such, despite haemolysis not being a primary cause of death for patients 

receiving MCS devices, the detection of pfHb remains an important biomarker for 

haemocompatibility during the design of MCS devices (Seyfert et al., 2002).  And yet, despite 

developers minimising the magnitude of shear stress to below the haemolytic threshold, 

haemolysis continues to occur, as do more complicated events (e.g., thromboembolism and 

intravascular bleeding).  Therefore, to derive the precise physical model of mechanical damage, 

current evidence suggests haemorheological alterations and associated biochemical processes 

will play a greater role in elucidating the mechanisms of blood damage during extracorporeal 

circulation. 

 

Recent studies have observed impairments in RBC deformability following exposure to supra-

physiological shear stress below the haemolytic threshold (Baskurt & Meiselman, 2013b; Lee 

et al., 2007; Simmonds, Atac, et al., 2014).  Moreover, Simmonds and Meiselman (2016) 

recently identified a subhaemolytic threshold by exposing RBC to discrete magnitudes of shear 

stress (1 - 64 Pa) for specific durations (1 - 64 s) prior to the measurement of deformability; 

they concluded that the subhaemolytic threshold, which demarcates functional changes in RBC 

function, occurs at ~ 38.5 Pa for prolonged exposure to shear.  However, further investigation 

into the subhaemolytic threshold by McNamee et al. (2017) indicates that the subhaemolytic 

threshold shifts during exposure to oxidative stress.  Given that patients with heart failure, for 

example, have increased levels of oxidative stress, and are the primary recipients of MCS 

devices, the model of mechanical damage to RBC remains incomplete.  Indeed, further 

investigation into underlying biochemical processes involved in RBC functional capacity, such 

as NO, within the model of mechanical damage may provide greater insight to the outcome of 

exposing blood to supra-physiological shear stress.  Subsequently, strategies aimed at targeting 

these biochemical processes, may improve the functional tolerance of RBC to shear stress (i.e., 

subhaemolytic threshold) for patients in receipt of MCS devices. 
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As discussed previously, RBC-derived NO may nitrosylate cytoskeletal proteins, and so 

maintain and improve RBC deformability (Grau et al., 2013).  Therefore, understanding the 

capacity of RBC to generate NO is particularly useful for patients in receipt of MCS devices 

that present with impaired RBC deformability.  The RBC capacity to generate NO 

enzymatically has been demonstrated to be dependent upon the shear stress magnitude and 

duration to which RBC are exposed.  The effects of shear stress on RBC-NOS phosphorylation 

between 0.1 – 2.0 Pa have been investigated directly over several studies (Ulker et al., 2008, 

2010; Ulker et al., 2009; Ulker et al., 2011).  A significant increase in RBC-NOS activity 

following exposure to 0.1 Pa for 60 s, and an increased percentage of cellular RBC-NOS 

activity at 2.0 Pa for 15 and 20 min was observed (Ulker et al., 2009; Ulker et al., 2011).  Given 

the physiological range of shear stress can reach 10 Pa (Greve et al., 2006), and the range of 

shear stress that RBC experience when traversing through MCS devices can reach 1000 Pa 

(Deutsch et al., 2006), an all-encompassing dose-response of shear stress magnitude and 

duration to NO production remains incomplete but essential.  Additionally, while Ulker et al. 

(2010) investigated the effects of acute supra-physiological shear stress (i.e., ~ 110 Pa) on the 

production of NO, the function of shear stress duration has not been investigated.  Given the 

complex nature of fluid flow within the vasculature that includes turbulence, pulsatile flow, and 

reversing flow, all of which can dominate in the absence of laminar flow, the functions of shear 

stress duration, relaxation time and frequency require elucidating within the RBC. Indeed, 

Kuchan and Frangos (1994) investigated the effects of shear stress between 0.6 – 2.5 Pa upon 

cumulative NO production, and magnitude of NO production at different shear rates, from 

endothelial cells.  Kuchan and Frangos (1994) observed a burst of NO production during a 

sudden onset of increased blood flow that is Ca2+ dependent, while a steady rate of shear induces 

a sustained release of NO that is Ca2+ independent.  Furthermore, the results indicated that 

sustained release of NO is related to the level of shear stress while transient NO production was 

not dependent upon magnitude of shear stress but instead rate of change.  Clinically, these 

findings may be of importance for the implantation of MCS devices, vascular access, and 

cardiopulmonary bypass.  Indeed, U. M. Fischer et al. (2007) demonstrated that extracorporeal 

circulation used in cardiopulmonary bypass increased RBC-NOS activity, and hypothesised 

RBC-derived NO may contribute to hypotension through vasodilation during extracorporeal 

circulation.  Thus, determining a magnitude and duration of shear stress that sufficiently induces 

RBC-derived NO production for the improvement of RBC deformability without potentially 

contributing to hypotension, is critical to derive the precise physical model of mechanical 

damage induced by MCS devices. 
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1.4 General aims 

The principal aim of this thesis was to investigate the effects of shear stress within the 

physiological and supra-physiological domain on blood.  The exposure of RBC to fluid shear 

stress throughout the vasculature helps maintain regulatory processes (e.g., RBC deformability, 

NO production, prevention of thrombi formation); however, outside of the physiological range 

these regulatory processes are ostensibly impaired or dysfunctional (e.g., whilst traversing MCS 

devices).  Despite the recent evidence that haemolysis, while important, is an ‘end stage’ 

biomarker of haemocompatibility for MCS devices, it is surprising that few studies have 

investigated the biochemical and haemorheological processes discussed in this thesis as ‘early 

stage’ biomarkers of haemocompatibility for MCS devices with the intent of improved pump 

design, and ultimately patient physiological, psychological outcome.  Moreover, a model of the 

biochemical and haemorheological response and to shear stress within the physiological and 

subhaemolytic domains requires further elucidation.  Studies One, Two, and Three addressed 

some of the haemorheological responses to shear stress within the subhaemolytic and supra-

physiological shear stress domains.  Study Four addressed the gap in knowledge around the 

biochemical response of RBC-NOS to shear stress within the physiological domain.  Study Five 

subsequently addressed the response of RBC-derived NO production to supra-physiological 

stress.  Study Six aimed to directly investigate the effects of supra-physiological shear induced 

by a MCS device on current and novel biomarkers of haemocompatibility including RBC 

deformability and RBC-NOS activity in an in vitro model. 

Study 1: Define the upper limits of RBC tolerance to supra-physiological, but 

subhaemolytic, shear stress. 

Study 2: Investigate the mechanical responses of RBC to supra-physiological shear stress 

below and above the subhaemolytic threshold. 

Study 3: Investigate the tolerance of RBC to repetitive supra-physiological shear stress 

representative of the transit time through a MCS device. 

Study 4: Identify the activation of RBC-NOS exposed to shear stress across the 

physiological range. 

Study 5: Determine the dose-response between shear stress and RBC-derived NO 

production. 

Study 6: Directly investigate the effect of MCS device-induced mechanical damage on 

haemocompatibility in an in vitro model.  
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Chapter 2 Study one 

The mechanical sensitivity of red blood cells is impaired 

following exposure to supra-physiological shear stress 

at the upper limits of the subhaemolytic domain 

Chapter preface 

Mechanical circulatory support (MCS) devices are designed to facilitate blood flow whilst 

aiming to minimise exposure duration to supra-physiological shear stress and thus minimise 

haemolysis.  Although the absolute tolerance of red blood cells (RBC) to shear stress is clearly 

defined and RBC functional tolerance to shear stress has recently been elucidated, the upper 

limits of functional tolerance of RBC to shear stress, prior to overt haemolysis, remains unclear.  

The current study aimed to investigate the tolerance of RBC to supra-physiological shear stress 

expected to be observed within MCS devices. 
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2.1 Introduction 

The rheological properties of blood play an important role within the cardiovascular system 

helping to facilitate the RBC primary purpose of transporting oxygen from the lung to tissues 

and allowing carbon dioxide produced from active tissues to be removed and expelled by the 

lungs.  Indeed, the deformability of RBC, a unique haemorheological feature that is a product 

of the bi-concave shape, exceptional surface area to volume ratio, and a membrane structurally 

independent of the cytosol, allows for RBC to traverse the human microcirculation that is much 

smaller in diameter (i.e., ~ 3 - 5 µm) than itself (i.e., 6 - 8 µm) (Wiedeman, 1963).  Therefore, 

an impairment in RBC deformability, may contribute to various pathologies due to a 

concomitant impairment in oxygen delivery (Mohanty et al., 2014).  Certainly, various 

clinically relevant disease states and conditions including acute ischemic stroke (Ernst et al., 

1988), Raynaud’s phenomenon (Herrick, 2005), and sickle cell disease (Rabai et al., 2014) have 

demonstrated decreased RBC deformability. 

 

Alterations in RBC deformability can be influenced by membrane skeletal proteins such as 

actin and spectrin filaments, and extrinsic factors including exposure to fluid shear stress 

(Chasis & Mohandas, 1986; Chien, 1987).  The exposure of RBC to fluid shear stress is a 

constant whilst traversing the vasculature that is influenced by the varying geometrical features 

of the circulatory system, blood and plasma viscosity, haematocrit and flow rate (Secomb & 

Pries, 2007).  Indeed, exposure to shear stress within the physiological domain causes dynamic 

changes in cellular morphology that facilitates the alignment of RBC with fluid streamlines thus 

reducing the internal resistance of blood.  The advent of MCS devices, however, has resulted 

in the exposure of RBC to shear stress outside of the physiological domain - supra-physiological 

shear stress.  The damage to blood from supra-physiological shear stress is quite evident due to 

the rupture of RBC leading to release of haemoglobin that causes a red discolouration of plasma.  

As such, developers of MCS devices currently aim to regulate the flow field inside blood pumps 

to a shear stress magnitude of less than 400 Pa, based on the study by Paul et al. (2003) who 

observed haemolysis for any shear stress exposure of ≥ 425 Pa, and ≥ 620 ms.  In contrast, 

various studies have proposed a haemolytic threshold of 150 Pa (Baldwin et al., 1994; Leverett 

et al., 1972).  Nevertheless, as blood traverses MCS devices, RBC are exposed to a shear stress 

that is ~10-fold greater than that observed in the circulatory system (~ 150 - 250 Pa) (Koutsiaris 

et al., 2013; Papaioannou & Stefanadis, 2005; Selgrade & Truskey, 2012; Thamsen et al., 2015), 
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which has recently been demonstrated to functionally impair RBC deformability (Horobin et 

al., 2017; Simmonds, Atac, et al., 2014; Simmonds & Meiselman, 2016). 

 

Simmonds and Meiselman (2016) demonstrated that RBC exposed to supra-physiological, but 

subhaemolytic, shear stress increases the mechanical sensitivity (MS) of RBC – that is to say, 

the functional capacity of RBC to deform was impaired.  Similarly, Horobin et al. (2017) found 

that a duty-cycle exposure of supra-physiological shear stress below the haemolytic threshold 

(100 Pa) for 1 s every min led to an impairment in RBC deformability after 15 duty-cycles (i.e., 

15 s).  Importantly, Horobin et al. (2017) identified that this maladaptation of RBC ultimately 

preceded haemolysis following exposure to supra-physiological shear stress below the 

haemolytic threshold.  Thus, given that an increased MS may lead to a shift in the haemolytic 

threshold, the current study aimed to identify the MS of RBC exposed to the upper limits of the 

subhaemolytic domain with discrete exposure times equivalent previously demonstrated to 

impair RBC deformability (i.e., ~ 15 s) (Horobin et al., 2017). 

 

2.2 Methods 

2.2.1 Subjects  

Twelve healthy male volunteers (age: 28 ± 7 yr), all Griffith University staff and students, gave 

their written consent prior to participation.  Participants were free of known cardiovascular, 

metabolic, neurologic, and haematological disorders. Exclusion criteria included: i. cigarette 

smoking within the previous 12 mo; ii. use of medications known to alter blood fluidity and/or 

cardiovascular health (no participant was using any pharmacological agent).  Blood was 

collected by syringe and a 21G needle (NN-2138R, Terumo Medical Corporation, Tokyo, 

Japan) from a prominent antecubital vein, after application of a tourniquet to the upper arm for 

a maximal period of 90 s. Immediately afterwards the blood was transferred to a tube (REF 

368761; Becton Dickinson, Franklin Lakes, NJ) spray-dried with di-potassium 

ethylenediaminetetraacetic acid (K2-EDTA; 1.8 mg/mL of blood) and inverted several times. 

The use of blood was consistent with The Code of Ethics of the World Medical Association 

(Declaration of Helsinki). The experimental procedures were reviewed and approved by the 

Griffith University Human Research Ethics Committee. 
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2.2.2 Blood sample preparation 

The experimental protocol for each subject (see below) required whole blood to be diluted 1:200 

in a viscous, isotonic solution for all haemorheological measurements to be completed.  These 

dilutions were prepared in small batch volumes (5.0 mL) immediately prior to testing to 

minimize the effect of blood ageing. The dilutions were prepared by suspending whole blood 

in ~6% 360 kDa polyvinylpyrrolidone (PVP) dissolved in 0.1 M phosphate buffered saline 

(30.0 ± 1.0 mPa/s, pH 7.38 ± 0.03, 285 ± 5 mOsmol·kg-1).  Consistency of the suspending 

medium properties were maintained by using a single batch of PVP which were stored in small 

batch volumes (5.0 mL) in a 15 mL tube at -20˚C until required, and verified regularly during 

experimentation within the following tolerances: viscosity: 30.0 ± 1.0 mPa/s at 37ºC; 

osmolarity: 285 ± 5 mOsmol·kg-1; pH:  7.38 ± 0.03.  All chemicals were purchased from 

Sigma-Aldrich (Sydney Australia).   

 

2.2.3 Experimental protocol 

A total of 27 fresh RBC suspensions were evaluated per subject in the present study which 

involved two phases: i. measurement of RBC deformability without prior exposure to shear 

stress (i.e., pre-control, n = 1), ii. a “conditioning” period during which RBC suspensions were 

exposed to at a specific magnitude (i.e., 5, 25, 50, 75, 100 Pa) and duration (i.e., 1, 2, 4, 8, 16 

s) of shear stress and; iii. determination of sheared RBC deformability immediately following 

the conditioning period.  During phase ii. a fresh dilute RBC suspension from the same donor 

was utilised for each specific magnitude (n = 5) and duration (n = 5), thus comprising a total of 

25 fresh RBC suspensions (i.e., 5 x 5).  Additionally, a measurement of RBC deformability 

without prior exposure to shear stress (i.e., post-control, n = 1) was repeated at the end of each 

experiment to identify if ex vivo ageing (i.e., blood storage) caused any significant changes in 

RBC deformability when compared to pre-control.  The post-controls are not reported herein 

as no significant difference was found when compared to pre-control, thus validating changes 

in RBC deformability were solely the product of a “conditioning” period. 

 

A laser diffraction ektacytometer system (LORRCA MaxSis, Mechatronics, The Netherlands) 

operating at 37° C was utilized to “condition” the dilute RBC suspensions, and for the 

measurement of RBC deformability.  The shearing system consists of two concentric cylinders; 
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the inner cylinder contains a laser that projects through the gap between the cylinders, and an 

outer cylinder that is temperature-regulated and is rotated at discrete speeds to apply shear stress 

to the RBC suspension. Thus, for the experimental protocol, dilute RBC suspensions were 

loaded into the gap between the cylinders of the ektacytometer and exposed to a “conditioning” 

period for a specific duration determined with the aid of a stopwatch/timer.  The magnitude of 

shear stress was determined by the constant viscosity (i.e., 30 mPa/s), and manipulation of the 

shear rate (10 – 1667 s-1) by altering the rotational speed of the outer cylinder.  After completion 

of the “conditioning” period, the measurement of RBC deformability was evaluated over an 

applied shear stress range of 0.3 - 50 Pa. Thereafter the suspension was aspirated from the gap 

of the shearing device, and free-haemoglobin in plasma (pfHb) was quantified to provide a 

measurement of haemolysis. 

 

2.2.4 Measurement of red blood cell deformability 

The RBC suspensions were exposed to a ramped shear stress protocol ranging 0.3 - 50.0 for the 

assessment of RBC deformability. A low-powered laser was projected through the sample 

during shear exposure, creating a diffraction pattern that was captured by an integrated camera. 

The diffraction patterns captured at each shear stress of the ramped protocol by the integrated 

camera were digitally stored and subsequently analysed.  An elongation index (EI) of sheared 

samples, measured using the long (a) and short axes (b) of the elliptical RBC diffraction 

patterns, was calculated as: EI = (a - b) / (a + b).  All measurements were conducted with blood 

suspensions at 37° C.  

 

2.2.5 Determination of haemolysis 

The methodology for determining haemolysis has been presented elsewhere (Horobin et al., 

2017).  Briefly, dilute RBC suspensions collected after each measurement of RBC 

deformability, were centrifuged at 1200 x g for 10 min.  The top half of the supernatant was 

added to 0.01% Na2CO3 (1:6) and the absorbance of each sample was measured at 380, 415 and 

450 nm using a spectrophotometer (BMG LABTECH GmbH, FLUOstar Omega, Ortenberg, 

Germany).  The pfHb was subsequently calculated from these absorbances using the Harboe 

method (Harboe, 1959) (Equation 1). 
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Equation 1. Quantification of haemolysis 

𝑝𝑓𝐻𝑏 (
𝑚𝑔

𝑑𝐿
) = (

167.2𝐴𝑏𝑠415 − 83.6𝐴𝑏𝑠450  − 83.6𝐴𝑏𝑠380

10
) ×

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑁𝑎2𝐶𝑂3
 

 

2.2.6 Data analysis 

RBC previously exposed to high stresses for longer periods exhibited atypical EI data when 

deformability was measured at shear stress below 0.94 Pa.  Thus, for analysis of RBC 

deformability a non-linear curve-fitting version of the Lineweaver-Burk equation (Baskurt et 

al., 2009) was applied to truncated EI-shear stress curve fitted to EI–SS data over the range of 

0.94 – 50.0 Pa.  The non-linear regression yielded two indices of RBC deformability: SS1/2, the 

shear stress required for half-maximal deformation; and EImax, the maximal theoretical 

elongation at infinite shear stress.  Subsequently, the ratio of SS1/2 over EImax was calculated to 

normalize SS1/2 for differences in maximal deformation. From this ratio, the Mechanical 

Sensitivity (MS) index was calculated to identify the susceptibility of RBC to shear stress-

induced damage (Equation 2).   

Equation 2. Calculation of mechanical sensitivity index 

𝑀𝑆 (%) =  

𝑆𝑆1/2𝑛

𝐸𝐼𝑚𝑎𝑥𝑛
 −  

𝑆𝑆1/2𝐶𝑜𝑛

𝐸𝐼𝑚𝑎𝑥𝐶𝑜𝑛

𝑆𝑆1/2𝐶𝑜𝑛

𝐸𝐼𝑚𝑎𝑥𝐶𝑜𝑛

 × 100, 

where n represents the specific magnitude-duration shear stress exposure, and Con represents 

the unsheared Control value.   

 

The mean MS parameter data of all subjects was used in the creation of an x, y, z matrix where 

x and y respectively represent the duration and magnitude of shear stress exposure, and z 

represents the MS parameter (Origin, OriginLab Corp., Release 8, Northampton, MA).  

Subsequently, thin-plate splines were used to interpolate the raw x, y, z matrix, and the 

subhaemolytic threshold was considered to occur at the +95% confidence interval (CI) above 

the calculated mean of all samples not significantly different to control.  Thus, if an MS value 

was > +95% CI, RBC MS was considered impaired, conversely RBC MS was considered 
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enhanced if an MS value < -95% CI.  All values between -95% and +95% CI of the control 

mean were considered unaltered by the conditioning shear stress protocol.  Based on the model 

proposed by Simmonds and Meiselman (2016), a monoexponential equation using nonlinear 

least-squares regression (Equation 3) was utilized to identify the magnitude and duration of 

shear stress required to induce mechanical damage. 

Equation 3. Calculation of subhaemolytic threshold 

𝑌(𝑡) = (𝑌0 −  𝑌𝑖𝑛𝑓) ∙ 𝑒(−𝑘∙𝑡) +  𝑌𝑖𝑛𝑓, 

where Y(t) is the magnitude of shear stress required to impair RBC mechanics for a given 

exposure time, Y0 represents the theoretical shear stress required to impair RBC mechanics at 

0 s (i.e., Y intercept of shear stress duration curve), Yinf is the plateau in shear stress at infinite 

time, K is the rate constant of the curve, and t is the duration of shear stress exposure 

corresponding to Y(t). 

 

2.2.7 Statistical analysis 

Results are reported as mean ± standard error.   Non-linear curve fitting, using the Lineweaver-

Burk equation, to the raw EI-shear stress data was performed with statistical modelling software 

(Prism®, GraphPad Software Inc, Release 7.02, USA).  A two-way repeated measures ANOVA 

was run for each variable and parameter to determine the effect of a “conditioning” shear stress 

at discrete durations and magnitudes, followed by Bonferroni’s multiple comparison test 

(Prism, GraphPad Software Inc, Release 7.02, USA).  Significance was determined at an alpha 

level of 0.05. 

 

2.3 Results 

2.3.1 Red blood cell deformability prior to conditioning shear stress 

The deformability of RBC not previously exposed to shear stress (i.e., Con), measured by the 

EI for a given shear stress, is presented in Figure 1.  The mean data exhibited a typical sigmoidal 

change in RBC deformability across the ramped shear stress protocol.  Curve-fit parameters 
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that describe the EI-shear stress relationship agree with previous values reported for young 

healthy males (EImax, 0.65 ± 0.008: SS1/2, 2.356 ± 0.731) (Simmonds et al., 2013).  

 

Figure 1. The elongation index (EI; i.e., deformability) of red blood cells (RBC) without prior 

exposure to shear stress (SS) measured between 0.3 – 50 Pa 

 

2.3.2 Red blood cell mechanical sensitivity 

Figure 2 presents the MS of RBC to discrete magnitudes and durations of constant shear stress.  

Note that improved RBC deformability is associated with a negative MS value, whilst improved 

RBC deformability is associated with a positive MS value.  The MS of RBC were significantly 

improved following exposure for 1 s, at 50 - 75 Pa (p < 0.01) when compared to Con (not 

presented herein).  Exposure to 5 – 25, and 100 Pa for 1 s did not significantly alter RBC MS 

when compared to Con.  Red blood cells MS was also significantly improved following 

exposure for 2 – 4 s at 25 – 50 Pa (p < 0.05). There was no significant change in RBC MS 

following exposure for 2 – 4 s at 5, and 75 – 100 Pa.  Shear stress exposure for 8 s significantly 

improved the MS of RBC at 25 Pa (p < 0.01); however, significantly impaired the MS of RBC 

at 75 – 100 Pa (p < 0.01).  Following shear stress exposure for 16 s, the MS of RBC were 

significantly improved at 5 – 25 Pa (p < 0.001), and significantly impaired at 75 – 100 Pa (p < 

0.001). 
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Figure 2. Mechanical sensitivity ((MS) of red blood cells following exposure to shear stress 

between 5 – 100 Pa for 1 – 16 s.  Different coloured columns represent different shear stress 

magnitudes. *, p < 0.05 significantly different from control (not displayed). 

 

2.3.3 Haemolysis following exposure to mechanically induced subhaemolytic damage 

points 

Table 1 presents mean pfHb data collected from each “conditioning” shear stress magnitude 

and duration.   The present study found pfHb did not significantly increase at any magnitude or 

duration of shear stress when compared to baseline (Con). 
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Table 1. Haemoglobin content found in plasma (mg/dL) following exposure to discrete 

magnitudes (5, 25, 50, 75, 100 Pa) and durations (1, 2, 4, 8, 16 s) of shear stress 

 Con 5 Pa 25 Pa 50 Pa 75 Pa 100 Pa 

1 s 0.83 ± 0.68 0.88 ± 0.48 1.31 ± 0.60 0.79 ± 0.44 1.00 ± 0.57 0.97 ± 0.71 

2 s 0.83 ± 0.68 1.00 ± 0.38 1.00 ± 0.50 0.73 ± 0.47 0.73 ± 0.42 0.64 ± 0.46 

4 s 0.83 ± 0.68 1.44 ± 0.61 1.78 ± 0.66 0.78 ± 0.43 0.81 ± 0.41 0.80 ± 0.42 

8 s 0.83 ± 0.68 1.01 ± 0.57 0.82 ± 0.68 0.89 ± 0.71 0.88 ± 0.71 1.13 ± 0.72 

16 s 0.83 ± 0.68 1.01 ± 0.56 0.60 ± 0.33 0.86 ± 0.56 1.15 ± 0.59 0.45 ± 0.26 

Con – control sample, Pa – Pascal, s – second, mg/dL – milligram per decilitre.  All data is presented as mean ± SEM. 

 

2.4 Discussion 

The principal outcome of the present study is the maladaptation/adaptation of RBC MS 

following exposure to supra-physiological shear stress at the upper limits of the subhaemolytic 

domain (i.e., < ~150 Pa).  The necessary introduction, and merit of MCS devices, exposes RBC 

to supra-physiological shear stress (~ 150 - 200 Pa) which has previously been considered 

haemocompatible.  In contrast, the current study has identified that supra-physiological shear 

stress, similar to that experienced in MCS devices (i.e., 100 Pa), is not haemocompatible given 

that the MS of RBC  was significantly impaired (p < 0.05).  Whilst the current study found no 

significant increase in haemolysis following any combination of shear stress magnitude and 

duration, Horobin et al. (2017) identified that maladaptation of RBC deformability to a 

prolonged intermittent pre-conditioning shear stress may precede haemolysis, possibly due to 

a downward shift in the haemolytic threshold.  Nevertheless, RBC exposed to supra-

physiological shear stress below the subhaemolytic threshold (i.e., 25 Pa) for ≥ 2 s demonstrated 

a significant improvement in MS (p < 0.05).  The results collectively indicate that current MCS 

devices are not haemocompatible when considering the functional capacity of RBC; however, 

there exists the potential of a shear stress ‘target’ magnitude, below the subhaemolytic 

threshold, to improve RBC mechanical properties. 

 



Study one  J.T. Horobin 

24 | P a g e  

The present study found that a “conditioning” exposure to 5 Pa for 1 – 8 s did not significantly 

improve the MS of RBC when compared to control (Figure 2).  Given this combination of 

magnitude and durations of shear stress exposure are to be expected throughout the circulation, 

this data is not unexpected.  Prior exposure of 5 Pa for 16 s did, however, significantly improve 

RBC MS (p < 0.0001).  This data confirms earlier reports that indicate a pre-conditioning 

“physiological” shear stress exposure improves deformability, and thus MS, of RBC (Meram 

et al., 2013; Simmonds, Atac, et al., 2014; Simmonds & Meiselman, 2016). 

 

The MS of RBC was also significantly improved following exposure to 25 Pa for 1 – 16 s (p < 

0.05) in the present study.  These data are congruent with the model proposed by Simmonds 

and Meiselman (2016) that indicated a subhaemolytic damage point of ~ 35 Pa.  This finding 

is an important indicator that a shear as low as 25 Pa for ≥ 1 s may improve haemocompatibility.  

The exposure of RBC to shear stress above the subhaemolytic threshold, however, had mixed 

results in the present study. 

 

When RBC were exposed to 50 Pa the MS was significantly improved following 1 – 4 s (p < 

0.05). These results are in agreement with the model proposed by Simmonds and Meiselman 

(2016); however, in contrast with their model, exposure to 50 Pa for 8 s significantly improved 

the MS of RBC (p < 0.05), whilst exposure for 16 s did not alter RBC MS.  These findings, 

however, are in agreement with the control data of McNamee et al. (2017), who employed the 

same prediction model to assess the effects of oxidative stress on the MS of RBC.  Given that 

neither Simmonds and Meiselman (2016) or McNamee et al. (2017) directly examined a 

“conditioning” exposure of 50 Pa, it is likely the RBC MS between 32 – 64 Pa was 

overestimated with use of the thin-plate spline interpolation, thus indicating improvement on 

the prediction model is still required.   

 

The current study also investigated shear stress exposures outside of the prediction model 

designed by Simmonds and Meiselman (2016) and identified that RBC MS was significantly 

improved following exposure to 75 Pa for 1 s (p < 0.001).  These data are important given this 
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improvement in RBC MS is occurring following exposure to shear stress well-above the upper 

limits of physiological shear (Koutsiaris et al., 2013; Papaioannou & Stefanadis, 2005).  Grau 

et al. (2013) have demonstrated that RBC deformability may be augmented via nitrosylation of 

skeletal proteins.  Moreover, the production of nitric oxide (NO) within the RBC for 

nitrosylation of skeletal proteins appears to be highly dependent upon shear-mediated activation 

of RBC-nitric oxide synthase (NOS) (Bohmer et al., 2012; Ulker et al., 2013; Ulker et al., 2010; 

Ulker et al., 2009; Ulker et al., 2011).  Whilst RBC-NOS is primarily membrane-bound, there 

is a portion of RBC-NOS located within the cytoplasm of RBC (Kleinbongard et al., 2006).  As 

such, it is plausible shear stress exposure well-above the upper limits of physiological shear 

may induce activation of both membrane-bound, and cytoplasmic RBC-NOS for augmentation 

of RBC-derived NO production, nitrosylation of skeletal proteins, RBC deformability, and thus 

MS of RBC.  The exposure of shear stress to 75 Pa for 2 – 4 s did not significantly alter the MS 

of RBC; however, exposure to 75 Pa for 8 – 16 s significantly impaired RBC MS (p < 0.05).  

Given that 75 Pa is approximately 50% less than the shear stress RBC are exposed to in current 

generation MCS devices, the design of future MCS devices should consider the effects of shear 

stress ≥ 75 Pa on RBC MS. 

 

The present study found that the exposure of RBC to 100 Pa for 1 – 2 s did not significantly 

impair the MS.  In contrast, the MS of RBC was significantly impaired following exposure to 

100 Pa for 4 – 16 s (p < 0.0001).  Although the exposure times of 4 - 16 s are not representative 

of MCS devices, Simmonds et al. (Simmonds, Atac, et al., 2014) identified that changes in the 

MS of RBC occurred irrespective of whether the shear stress exposure was continuous or 

intermittent.  As such, the current data supports and extends earlier findings that found a short-

duration and intermittent shear stress protocol at 100 Pa impairs RBC deformability following 

15 s of exposure (Horobin et al., 2017).  Whilst current generation MCS devices are designed 

to have high shear regions within the pump for the prevention of pump-thrombosis (Selgrade 

& Truskey, 2012), the high shear may inadvertently increase the likelihood of thrombus 

formation via haemolysis induced platelet activation (Helms et al., 2013).  The current study 

did not observe a significant increase in pfHb after any pre-conditioning shear stress; however, 

this finding substantiates the hypothesis that maladaptation of RBC to shear stress of 100 Pa 

may precede haemolysis, possibly due to an overstretch of the RBC membrane impairing RBC 

MS (Horobin et al., 2017).  Subsequently, the present data supports the proposition that RBC 
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MS represents an important biomarker upstream of current blood damage biomarkers of MCS 

device haemocompatibility. 

 

In conclusion, the present study has shown that the predictive model developed by Simmonds 

and Meiselman (2016), and employed in a recent study by McNamee et al. (2017), is valid for 

assessing the MS of RBC to supra-physiological shear stress at the upper limits of the 

subhaemolytic domain.  Moreover, the present study supports the proposition that the 

subhaemolytic threshold occurs at ~ 35 Pa.  Importantly, findings from the present study 

indicate that short-duration exposure of RBC to between 50 – 75 Pa improves the MS of RBC.  

Further studies are required to ascertain whether exposure to short-term, repeated shear stress 

in the range of 50 – 75 Pa improve RBC mechanical properties. 

  



J.T. Horobin  Study two 

27 | P a g e  

 

Chapter 3 Study two 

Mechanical responses of erythrocytes to supra-

physiological shear stress below and above the 

subhaemolytic threshold 

Chapter preface 

It is crucial that the mechanical responses of red blood cells (RBC) to supra-physiological shear 

stress are accurately and effortlessly defined for improved prognostic significance and easy 

dissemination.  Whilst recent endeavours (including Study Two) have investigated RBC 

mechanical sensitivity (MS), the predictive model utilised is yet to be closely examined: it is 

now understood that shear stress exposure below the level required to induce haemolysis may 

induce sublethal damage to erythrocytes. A method of detecting the subhaemolytic threshold 

(SHT) was recently proposed; thus, we examined whether prolonged shear stress exposure: i. 

matched to, ii. 10 Pa above, and iii. 10 Pa below, this threshold predictably altered erythrocyte 

properties. 
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3.1 Introduction 

The advent of mechanical circulatory support (MCS) devices has prompted renewed 

investigation into identifying improved biomarkers of haemocompatibility.  Recent endeavours 

have included examination of biologically inspired artificial materials for the prevention of 

thrombosis (Leslie et al., 2014), manipulation of biological-synthetic interactions for the 

improvement of immune homeostasis (Sadtler et al., 2016), identification of shear-mediated 

adaptations of thrombotic regulatory proteins (Schneider et al., 2007; Shim et al., 2008), and 

investigation into shear-induced mechanical damage to blood cells (Horobin et al., 2017; 

McNamee, Tansley, et al., 2016; Simmonds, Atac, et al., 2014; Simmonds & Meiselman, 2016).  

Consideration, however, needs to be given that the fundamental, and yet complicated, 

adaptations of blood cells to artificial materials and supra-physiological shear remains 

incomplete: this has necessitated novel investigations into the development of a model to 

predict RBC sensitivity to mechanical stresses. 

 

The dynamic measurement of RBC deformability is commonly analysed with a non-linear 

version of the Lineweaver-Burke plot that generates two parameters: (1) the shear stress 

required for half-maximal deformation (SS1/2), and (2) the maximal theoretical elongation at 

infinite shear stress (EImax) (Baskurt et al., 2009; Baskurt & Meiselman, 2013a).  Traditionally, 

an increased EImax and decreased SS1/2 has been associated with improved deformability.  

Conversely, a decreased EImax and increased SS1/2 has been associated with impaired RBC 

deformability (Filipovic et al., 2015; McNamee, Sabapathy, et al., 2016; Rey et al., 2014; 

Simmonds, Atac, et al., 2014).  As such, these curve fit parameters typically have an inverse 

relationship; however, studies examining RBC deformability following a previous application 

of shear stress have observed a deviation from this inverse relationship (Simmonds & 

Meiselman, 2016).  To better examine shear-mediated responses of RBC, a novel index of the 

RBC susceptibility to mechanical damage was introduced that examines the change in the ratio 

of SS1/2 : EImax when compared to a control sample not previously exposed to shear (Simmonds, 

Atac, et al., 2014).  Using this index Simmonds and Meiselman (2016) developed a predictive 

model and  ascertained the SHT for RBC.  The identification of the SHT is an important finding 

given that within this domain of supra-physiological shear, RBC experience a functional 

impairment (i.e., decreased RBC deformability).  The predictive model designed by Simmonds 

and Meiselman (2016) was recently adapted to investigate the upper limits of the SHT (refer to 
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Chapter 2), and confirmed the robustness of the model for predicting RBC MS.  Nevertheless, 

if the predictive model is going to be utilised in the development of MCS devices, further pre-

clinical testing is required.  As such, the current study examined whether prolonged shear stress 

exposure: i. matched to, ii, 10 Pa above, and iii. 10 Pa below, this threshold predictably altered 

RBC mechanical properties. 

 

3.2 Methods 

3.2.1 Subjects, sampling and RBC suspension preparation.  

Venous blood samples were collected from 12 healthy male donors (age: 28 ± 7 yr).  

Participants were free of known cardiovascular, metabolic, neurologic, and haematological 

disorders. Exclusion criteria included: i. cigarette smoking within the previous 12 mo; ii. use of 

medications known to alter blood fluidity and/or cardiovascular health (no participant was using 

any pharmacological agent).  Blood was collected, within 90 s of tourniquet application to the 

upper arm, from a prominent antecubital vein and anticoagulated with di-potassium 

ethylenediaminetetraacetic acid (K2-EDTA; 1.8 mg·mL-1 of blood). Rheological experiments 

were completed within 2 h of blood collection.  Blood was centrifuged, the visible white cells 

removed, and then RBC were washed twice in isotonic phosphate buffered saline (PBS; 0.1 

mol·L-1, pH 7.38 ± 0.03, 285 ± 3 mOsmol·kg-1). The washed RBC were subsequently 

suspended in ~6% 360 kDa polyvinylpyrrolidone in PBS (30.0 ± 1.0 mPa/s, pH 7.38 ± 0.03, 

285 ± 5 mOsmol·kg-1), at a haematocrit of 0.5%. The dilute RBC suspension was prepared 

using fresh and washed RBC prior to each experiment, and specifically, prepared fresh prior to 

each experimental protocol. Consistency of the suspending medium properties were maintained 

by using a single batch of PVP which were stored in single-use volumes (1.0 mL) in a microtube 

at -20˚C until required, and verified regularly during experimentation within the following 

tolerances: viscosity: 30.0 ± 1.0 mPa/s  at 37ºC; osmolarity: 285 ± 5 mOsmol·kg-1; pH:  7.38 ± 

0.03. All chemicals were purchased from Sigma-Aldrich (St. Louis, Missouri).  Written and 

witnessed informed consent was provided by each participant and the use of blood was 

consistent with The Code of Ethics of the World Medical Association (Declaration of Helsinki). 

The experimental procedures were reviewed and approved by the Griffith University Human 

Research Ethics Committee. 
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3.2.2 Experimental Overview 

The evaluation of RBC tolerance to supra-physiological shear stress below and above the SHT 

involved two phases: I) determination of each individual subject’s SHT via the RBC MS 

predictive model modified for the investigation of short durations of exposure, and greater 

magnitudes of shear stress, and II) examination of RBC suspensions exposed to specific 

durations (i.e., 1, 4, and 16 s) at 10 Pa above, 10 Pa below and, at each subject’s SHT. 

 

During phase I), a total of 26 fresh RBC suspensions were evaluated per subject to examine: i) 

RBC deformability without prior exposure to shear stress (i.e., control), ii) a “conditioning” 

period during which RBC suspensions were exposed to at a specific magnitude (i.e., 5, 25, 50, 

75, 100 Pa) and duration (i.e., 1, 2, 4, 8, 16 s) of shear stress and; iii) determination of sheared 

RBC deformability immediately following the conditioning period.  A fresh dilute RBC 

suspension from the same donor was utilised for each specific magnitude and duration, thus 

comprising a total of 25 fresh RBC suspensions (i.e., 5 x 5). The SHT for each subject was 

subsequently determined allowing for the examination of erythrocyte tolerance to supra-

physiological shear stress with exposure to discrete durations above and below the SHT.  

During phase II), 10 fresh dilute RBC suspensions were utilised for each discrete duration and 

magnitude of shear stress, thus comprising a total of 9 fresh RBC suspensions (i.e., 3 x 3).  

Additionally, RBC deformability without prior exposure to shear stress (i.e., control) was 

measured. 

 

A laser diffraction ektacytometer system (LORRCA MaxSis, Mechatronics, The Netherlands) 

operating at 37° C was utilised for the experimental protocol, and the measurement of RBC 

deformability.  The shearing system consists of two concentric cylinders; the inner cylinder 

contains a laser that projects through the gap between the cylinders, and an outer cylinder that 

is temperature-regulated and is rotated at discrete speeds to apply shear stress to the RBC 

suspension. Thus, for the experimental protocol, dilute RBC suspensions (30 mPa/s) were 

loaded into the gap between the cylinders of the ektacytometer, the outer cylinder was rotated 

at a specific speed for control of the shear rate, and subsequent magnitude of shear stress, and 

exposed to the pertinent duration (i.e., 1, 4, or 16 s).  Upon completion of the experimental 
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protocol, RBC deformability was immediately measured between 0.3 – 50 Pa within the 

ektacytometer.  

 

3.2.3 Red blood cell deformability measurements. 

To determine the dynamic profile of RBC deformability, the rotational speed of the outer 

cylinder was increased progressively increased to induce shear rates between (10 – 1667 s-1) 

and thus shear stresses between 0.3 and 50 Pa.  During the ramped application of shear, a low-

powered laser was projected through the sample creating diffraction patterns captured by an 

integrated camera. The diffraction patterns captured by the integrated camera were digitally 

stored and subsequently analysed.  An elongation index (EI) of sheared samples, measured 

using the long (L) and short axes (W) of the elliptical RBC diffraction patterns, was calculated 

as: EI = (L-W) / (L+W).  Additionally, a non-linear curve-fitting version of the Lineweaver-

Burk equation (21) was applied to the EI-shear stress curve to determine two indices of RBC 

deformability: SS1/2, the shear stress required for half-maximal deformation; and EImax, the 

maximal theoretical elongation at infinite shear stress (Baskurt et al., 2009).  Subsequently, the 

ratio of SS1/2 over EImax was calculated to normalise SS1/2 for differences in maximal 

deformation.  From these two indices, the susceptibility of RBC to subhaemolytic damage was 

evaluated via calculation of the MS index (Equation 4).   

Equation 4. Calculation of the mechanical sensitivity index 

 

𝑀𝑆 (%) =  

𝑆𝑆1/2𝑛

𝐸𝐼𝑚𝑎𝑥𝑛
 −  

𝑆𝑆1/2𝐶𝑜𝑛

𝐸𝐼𝑚𝑎𝑥𝐶𝑜𝑛

𝑆𝑆1/2𝐶𝑜𝑛

𝐸𝐼𝑚𝑎𝑥𝐶𝑜𝑛

 × 100, 

where n represents the specific magnitude-duration shear stress exposure, and Con represents 

the un-sheared Control value.   
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3.2.4 Statistical analysis 

Results are reported as mean ± standard error, unless otherwise stated. Non-linear curve fitting, 

using the Lineweaver-Burk equation, to the raw EI-SS data was performed with statistical 

modelling software (Prism, GraphPad Software Inc, Release 6.07, USA). For all measurements 

(i.e., EI, EImax, SS1/2, and RBC MS), a repeated measures two-way ANOVA test was used to 

determine whether significant differences in the means existed, and Holm-Sidak post-hoc 

adjustments subsequently applied when examining multiple comparisons (Prism, GraphPad 

Software Inc, Release 7.02, USA).   

 

3.3 Results 

3.3.1 Red blood cell deformability responses to pre-stresses 

The dynamic measurement of RBC deformability (i.e., EI-shear stress curves) at 10 Pa below, 

10 Pa above, and at the SHT is presented in Figure 3; data are clustered according to duration 

of exposure.  The pre-conditioning shear stress magnitude and duration were observed to 

significantly interact and cause shifts in the EI-SS curve: an upward shift in the EI-SS curve 

following exposure to 10 Pa below the SHT and a downward shift in the EI-SS curve following 

exposure to 10 Pa above the SHT were observed (F (72, 648) = 3.393, p < 0.0001).  However, 

significant changes in EI were only detected within the lower shear region at 0.3 Pa when 

compared to EI of RBC exposed to the SHT; the EI of RBC exposed to 10 Pa above the SHT 

were significantly increased following a pre-conditioning shear stress exposure of 4, and 16 s 

(p < 0.05; p < 0.01), however, there was no change following 1s exposure.  The EI of RBC 

exposed to 10 Pa below the SHT was not significantly different to the EI of RBC exposed to 

the SHT. 
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Figure 3. Elongation index (EI) measured at shear stresses between 0.3 and 50 Pa following 10 

Pa below (SHT – 10 Pa), 10 Pa above (SHT + 10 Pa), or at the subhaemolytic threshold (SHT), 

and clustered according to time course (i.e., 1, 4, 16 s).  Data are mean ± SEM (error bars hidden 

within data points). Statistical significance is considered at an ɑ level of 0.05. a, SHT + 10 Pa 

significantly different from SHT. P values reported in-text. 

 

The EImax is presented in Figure 4A.  Following exposure to a pre-conditioning shear stress for 

1 s, no statistical difference was observed for any conditions when compared to the SHT.  

Following exposure to a pre-conditioning shear stress for 4 s, the EImax of RBC exposed to 10 
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Pa above the SHT were significantly increased when compared to SHT (p < 0.05).  During the 

16 s shear stress exposure, the EImax of RBC exposed to 10 Pa below, and 10 Pa above the SHT 

were significantly increased when compared to SHT (p < 0.05).  The SS1/2 is depicted in Figure 

4B.  Exposure to a pre-conditioning shear stress for 1 s induced no significant changes for all 

conditions in the SS1/2 of RBC when compared to the SHT.  Exposure to 10 Pa above the SHT 

for a duration of 4 s induced a significant increase in the SS1/2 of RBC when compared to the 

SHT (p < 0.01); however, no change was observed following exposure to 10 Pa below the SHT.  

Exposure for 16 s to a pre-conditioning shear stress induced significant changes in the SS1/2 of 

RBC for all conditions: 10 Pa above the SHT was significantly increased (p < 0.001) and 10 Pa 

below was significantly decreased (p < 0.01). 
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Figure 4. Curve-fit parameters that describe the elongation index - shear stress (EI-SS) 

relationship for RBC following 10 Pa below (SHT – 10 Pa), 10 Pa above (SHT + 10 Pa), or at 

the subhaemolytic threshold (SHT) for either 1, 4, 16 s exposure time.  Parameters presented 

are (A) maximal elongation index at infinite shear stress (EImax), and (B) the shear stress 

required for half-maximal deformation (SS1/2).  Data are mean ± SEM. Statistical significance 

is considered at an ɑ level of 0.05. *, p < 0.05 significantly different to SHT; **, p < 0.01 

significantly different to SHT; ***, p < 0.001 significantly different to SHT. 
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3.3.2 Mechanical sensitivity of red blood cells within the subhaemolytic and theoretical 

haemolytic domain 

The mean MS data of each pre-conditioning shear stress magnitude, inclusive of all pre-

conditioning shear stress exposure durations (1, 4, 16 s), are presented in Figure 5.  The MS of 

RBC exposed to 10 Pa below the SHT was significantly decreased when compared with RBC 

exposed to the SHT (p < 0.01).  The exposure of RBC to 10 Pa above the SHT was observed to 

significantly increase the MS when compared to the SHT and 10 Pa below the SHT (p < 

0.0001). 

 

Figure 5. Mechanical sensitivity index (MSI) of red blood cells (RBC) following 10 Pa below 

(SHT – 10 Pa), 10 Pa above (SHT + 10 Pa), or at the subhaemolytic threshold (SHT).  Data 

represents main effect of pre-conditioning shear stress magnitude ± SEM.  Statistical 

significance is considered at an ɑ level of 0.05. **, p < 0.01 significantly different to SHT; ****, 

p < 0.0001 significantly different to SHT. 

 

3.4 Discussion 

The aim of the present study was to examine changes in the MS of RBC exposed to specific 

durations with exposures 10 Pa below, 10 Pa above, and at the SHT.  The primary findings of 

the current study are: (1) exposure to shear stress below the SHT can significantly improve 
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RBC deformability based on the MS index, and (2) exposure to shear stress above the SHT can 

significantly impair RBC deformability based on the MS index (p < 0.0001).  The present study 

also presents novel findings that indicate the recoverability of RBC membrane elasticity is 

primarily dependent  on the pre-conditioning shear duration. 

 

The ramped measurement of RBC deformability following exposure to shear stress 10 Pa above 

the SHT induced significant increases in EI when compared to the SHT (Figure 3).  Specifically, 

an impairment in RBC EI was observed at 0.3 Pa of the ramped shear stress protocol following 

4, and 16 s exposure as indicated by a ‘up-tick’ in the EI-SS curve.  Conjecture for the observed 

‘up-tick’ have included a rigid RBC sub-population misalignment with fluid stream lines, and 

impairment in the relaxation time of RBC following the preceding exposure to supra-

physiological shear (Horobin et al., 2017; Meram et al., 2013; Simmonds, Atac, et al., 2014; 

Simmonds & Meiselman, 2016).  The basis for these deductions is the distortion in captured 

diffraction patterns generated by the divergent cell populations (Simmonds & Meiselman, 

2016).  As such, real-time photography of RBC deformability is paramount for identification 

of the biomechanisms underlying this phenomenon, and for improved calculation of curve-fit 

parameters that describe the EI-SS relationship. 

 

Currently, curve-fit parameters used to describe the EI-SS relationship include the maximal 

theoretical elongation at infinite shear (i.e., EImax), and the shear stress required to achieve the 

half-maximal deformation.  Improved RBC deformability is typically associated with an 

increased EImax, a decreased SS1/2 and decreased SS1/2 : EImax (i.e., the SS1/2 normalised to the 

EImax) (Filipovic et al., 2015; McNamee, Sabapathy, et al., 2016; Rey et al., 2014; Simmonds, 

Atac, et al., 2014).  Novel findings from the current study indicate EImax of RBC previously 

exposed to 10 Pa above the SHT for 4 – 16 s were significantly increased when compared to 

the EImax of RBC previously exposed to the SHT (p < 0.05; Figure 4); an indication of RBC 

deformability improvement.  Recently, a similar paradoxical increase in the EI of RBC was 

observed during exposure to 100 Pa for 1 s (Horobin et al., 2017).   Red blood cells, however, 

do not have a uniform deformation state with different regions of the RBC membrane 

contributing to the morphological shape at rest and during exposure to shear (T. M. Fischer, 

2004).  Moreover, as RBC are exposed to shear in a viscous suspending medium, the membrane 

will tank-tread allowing for cytoskeleton compression and dilatation (Dodson & 
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Dimitrakopoulos, 2010).  The lipid bilayer membrane, however, is essentially incompressible 

(Peng et al., 2013) and as the cells were exposed to the high shear strain, critical junctures of 

the cytoskeleton, which contribute to the shape memory of RBC during exposure to shear, were 

damaged.  Moreover, this damage is observed with increased shear duration as shown by the 

increase in EImax with each duration of exposure.  Subsequently, RBC may form non-uniform 

asymmetric paraboloids during symmetrical flow (Kaoui et al., 2009; McWhirter et al., 2009) 

that appear as triaxial ellipsoids during capture of the diffraction pattern; thus, the elongation 

index (and subsequent EImax) of RBC is artificially increased.  These data indicate RBC 

membrane elasticity may be primarily dependent on the pre-conditioning shear duration. 

 

Lac and Barthès-Biesel (2005) identified how prestress decreases capsule deformation for a 

given shear rate and how it significantly increases the elastic tension in a membrane at a given 

deformation level.  As such, the pre-conditioning shear stress, being below a critical damaging 

point (i.e., the SHT), counteracts the shearing forces imposed during the measurement of RBC 

deformability and subsequently dampens the surface area rise and elongation index (Dodson & 

Dimitrakopoulos, 2010).  Indeed, the EImax and SS1/2 of RBC exposed to a supra-physiological 

shear stress below the SHT for < 4 s was not significantly different to the EImax and SS1/2 of 

RBC exposed to a supra-physiological shear stress at the SHT.  Correspondingly, RBC EImax 

was significantly decreased when previously exposed to a supra-physiological shear stress 

below the SHT for 16 s (p < 0.05).  Given the EImax was only decreased following 16 s exposure 

duration, it is hypothesised that the recoverability of the RBC membrane elasticity is time-

dependent and impeded following a long-duration pre-conditioning shear stress despite being 

below the SHT.  This interpretation of the results is justified when the SS1/2 results are 

considered. 

 

The current study found that the shear stress required to achieve the half-maximal deformation 

(i.e., SS1/2) was increased following exposure to supra-physiological shear stress above the SHT 

that was exacerbated with time (4 s: p < 0.01; 16 s: p < 0.001; Figure 4).  Simmonds and 

Meiselman (2016) also found that EImax concordantly increased with SS1/2 following exposure 

to supra-physiological shear stress above the SHT for increased duration.  In light of current 

findings it is suspected that critical junctures of the cytoskeleton are damaged following 

exposure to shear stress above the SHT, which subsequently impair RBC deformability and 
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impede RBC recoverability (i.e., the ability to deform with subsequent shear), primarily a 

product of time, ultimately leading to an increased SS1/2 and EImax.  The current study also 

observed a significant decrease in the SS1/2 of RBC following exposure to supra-physiological 

shear stress below the SHT at 16 s (p < 0.01).  Given the concomitant decrease in EImax during 

exposure to shear stress below the SHT, the current findings intimate that shear duration is the 

primary component contributing to RBC recoverability.  Given these complexities, the MS 

index represents an uncomplicated means of examining changes in RBC function following 

exposure to shear stress within the supra-physiological domain. 

 

The current study found that exposure to 10 Pa above the SHT impaired RBC deformability as 

indicated by an increased MS index (p < 0.0001), while exposure to 10 Pa below the SHT 

increased RBC deformability as indicated by a decreased MS index (p < 0.001; Figure 5).  

Recent studies examining EI-SS curve fit parameters following exposure to supra-physiological 

shear stress demonstrate a disparity in their results making it difficult to effectively describe the 

shear-mediated response of RBC whilst traversing MCS devices.  However, the MS index, 

having been recently used in several studies for the measurement of mechanical damage has 

proven a robust biomarker with little discrepancy (McNamee et al., 2017; Simmonds, Atac, et 

al., 2014; Simmonds & Meiselman, 2016).  Indeed, results from the present study were as 

expected and necessitate use of the MS index in any future studies examining mechanical 

damage to RBC, particularly when using Couette flow devices.  Moreover, given the MS index 

provides increased precision for the measurement of subhaemolytic damage when compared to 

traditional EI-SS curve fit parameters, developers of future MCS devices can take advantage of 

the MS index for improved designs with the aim of minimising RBC functional impairments. 

 

In the present study, differing mechanical responses to supra-physiological shear above, and 

below the SHT based on currently utilised curve-fit parameters that describe RBC deformability 

were identified.  Dissemination of RBC functional impairments within the subhaemolytic 

domain is necessary for improvement of biologically inspired MCS devices; however, it is 

essential the shear-mediated response of RBC are accurately and easily defined for improved 

prognostic significance.  In this regard, the MS index of RBC provides increased precision 

when compared to commonly utilised curve-fit parameters and the authors encourage its use as 

a biomarker for the haemocompatibility of MCS devices. 
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Chapter 4 Study three 

Repetitive supra-physiological shear stress impairs red 

blood cell deformability and induces haemolysis 

Chapter preface 

The supra-physiological shear stress that blood is exposed to while traversing mechanical 

circulatory support (MCS) devices affects the physical properties of red blood cells (RBC), 

impairs RBC deformability, and may induce haemolysis.  Previous studies exploring RBC 

damage following exposure to supra-physiological shear stress have employed durations 

exceeding clinical instrumentation, thus we explored changes in RBC deformability following 

exposure to shear stress below the reported “haemolytic threshold” using shear exposure 

durations per minute (i.e., duty-cycles) reflective of that employed by circulatory assist devices.  

This Chapter has been published in a peer-reviewed journal, Artificial Organs, by Horobin et 

al. (2017) and can be found at https://doi.org/10.1111/aor.12890  

https://doi.org/10.1111/aor.12890
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4.1 Introduction 

Red blood cells (RBC) possess a bi-concave shape, exceptional surface area to volume ratio, 

and a membrane structurally independent of the cytosol that confers a unique ability to elongate 

and change morphology (Baskurt & Meiselman, 2003).  This deformability of RBC facilitates 

the exchange of respiratory gases with active tissues (Cicco & Pirrelli, 1999); thus, factors that 

adversely influence RBC deformability may impair oxygen delivery and contribute to various 

pathologies (Mohanty et al., 2014).  The extent to which RBC may deform is influenced by 

physical properties of the cell (i.e., the membrane skeletal protein network and molecular 

structure of RBC) and extrinsic factors, including fluid shear stress (Chien, 1981, 1987).  

Exposure to shear stress initiates intracellular biochemical responses via mechanosensitive 

pathways that recently have been shown to “actively” regulate RBC deformability (Simmonds, 

Detterich, et al., 2014).  While the upper limit of shear stress that occurs in the human 

circulatory system approaches 15 Pa (Koutsiaris et al., 2013), RBC may experience much 

higher shear stress when traversing through circulatory assist devices (e.g., artificial blood 

pumps), reaching up to 1000 Pa (Deutsch et al., 2006).  The supra-physiological shear stress 

that circulatory assist devices impose on RBC affects the mechanical properties of RBC, 

subsequently impairing RBC deformability (Kameneva et al., 1994; Kameneva et al., 1999; 

Sutera, 1977).  Impaired RBC deformability may precipitate various negative effects related to 

poor tissue perfusion (Baskurt & Meiselman, 2003), and also increases the mechanical fragility 

of RBC (i.e., the ability of RBC to withstand successive exposure to shear stress) (Baskurt, 

2012). 

 

Haemolysis is the process that is induced by cell membrane leakage or rupture that causes 

haemoglobin to be released into the plasma (Sowemimo-Coker, 2002).  Haemolysis may occur 

at high levels of shear stress, and an “haemolytic threshold” (i.e., the magnitude of shear stress 

that must be exceeded for haemolysis to occur), of approximately 400 Pa has been suggested 

when exposure duration is ~1 s (Paul et al., 2003).  However, the consequence of haemolysis is 

not limited to loss of RBC function.  Adverse effects associated with intravascular haemolysis 

include haemolytic anaemia, and decreased nitric oxide bioavailability due to scavenging by 

free-haemoglobin in plasma (pfHb), oxygen and other radicals released from RBC (Helms et 

al., 2013).  A decrease in nitric oxide bioavailability within the vascular can increase platelet 
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activity and platelet aggregation; another important biomarker of haemocompatibility (Seyfert 

et al., 2002).  Given that haemolysis leads to platelet activation, pfHb represents an early 

biomarker of haemocompatibility used in the evaluation of MCS devices, including ventricular 

assist devices (VAD).  Nevertheless, recent studies have demonstrated that RBC deformability 

is impaired following exposure to supra-physiological, but subhaemolytic, shear stress (Baskurt 

& Meiselman, 2013b; Lee et al., 2007; Simmonds, Atac, et al., 2014).  Consequently, 

haemocompatibility may be considered for devices that mechanically impact RBC without 

inducing significant haemolysis.  Given the importance of RBC deformability for adequate 

tissue perfusion and cardiovascular health, shear-mediated impairments of RBC deformability 

may represent a valuable index of haemocompatibility.  However, the exposure durations 

utilized in previous studies were either much greater (i.e., 10 s) or less (i.e., 16 ms) than the in 

situ transit times through mechanical assist devices (Baskurt & Meiselman, 2013b; Lee et al., 

2007; Simmonds, Atac, et al., 2014).  Thus, the present study aimed to assess changes in RBC 

deformability and the extent of haemolysis following exposure to a standardized supra-

physiological shear stress protocol – well below the recognized “haemolytic threshold” – with 

a duty-cycle representative of a VAD. 

 

4.2 Methods 

4.2.1 Subjects, sampling and RBC suspension preparation 

Venous blood samples were collected from 20 healthy male donors (age: 26 ± 5 yr, height: 179 

± 5 cm, body mass: 78 ± 11 kg).  Participants were free of known cardiovascular, metabolic, 

neurologic, and haematological disorders. Exclusion criteria included: i. cigarette smoking 

within the previous 12 mo; ii. use of medications known to alter blood fluidity and/or 

cardiovascular health (no participant was using any pharmacological agent).  Blood was 

collected, within 90 s of tourniquet application to the upper arm, from a prominent antecubital 

vein and anticoagulated with di-potassium ethylenediaminetetraacetic acid (K2-EDTA; 1.8 

mg·mL-1 of blood). Rheological experiments were completed within 2 h of blood collection.  

Blood was centrifuged, the visible white cells removed, and then RBC were washed twice in 

isotonic phosphate buffered saline (PBS; 0.1 mol·L-1, pH 7.38 ± 0.03, 285 ± 3 mOsmol·kg-1). 

The washed RBC were subsequently suspended in ~6% 360 kDa polyvinylpyrrolidone in PBS 

(30.0 ± 1.0 mPa/s, pH 7.38 ± 0.03, 285 ± 5 mOsmol·kg-1) prepared in our lab, at a haematocrit 
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of 0.5%. The dilute RBC suspension was prepared using fresh and washed RBC prior to each 

experiment, and specifically, prepared fresh prior to each experimental protocol. Consistency 

of the suspending medium properties were maintained by using a single batch of PVP which 

were stored in single-use volumes (1.0 mL) in a microtube at -20˚C until required, and verified 

regularly during experimentation within the following tolerances: viscosity: 30.0 ± 1.0 mPa/s 

at 37ºC; osmolarity: 285 ± 5 mOsmol·kg-1; pH:  7.38 ± 0.03. All chemicals were purchased 

from Sigma-Aldrich (St. Louis, Missouri).  Written and witnessed informed consent was 

provided by each participant and the use of blood was consistent with The Code of Ethics of 

the World Medical Association (Declaration of Helsinki). The experimental procedures were 

reviewed and approved by the Griffith University Human Research Ethics Committee. 

 

4.2.2 Experimental Overview 

Three fresh blood samples were evaluated per subject in the present study: i. deformability of 

previously unsheared RBC suspensions (i.e., control), ii. a fresh sample was subsequently 

exposed to a shearing protocol over 30 repeated duty-cycles, and iii. another fresh RBC 

suspension was exposed to a conditioning shearing protocol over 60 repeated duty-cycles. The 

shearing protocol (i.e., each duty-cycle) involved exposing dilute RBC suspensions to 100 Pa 

for 1 s per 60 s, and the suspension then remained static for the remainder of each minute except 

the period during which RBC deformability was determined. Following the supra-physiological 

exposure within the 15th, 30th, 45th, and 60th duty-cycle, a shear stress ramp profile was 

performed between 0.3 – 50 Pa over 30 s. 

 

A laser diffraction ektacytometer system (LORRCA MaxSis, Mechatronics, The Netherlands) 

was utilized to apply shear stress to the dilute RBC suspensions, and also for the measurement 

of RBC deformability.  The details of this device have been presented elsewhere (Hardeman et 

al., 1994).  The shearing system consists of two concentric cylinders; the inner cylinder contains 

a laser that projects through the gap between the cylinders, and an outer cylinder that is 

temperature-regulated and is rotated at discrete speeds to apply shear stress to the RBC 

suspension. Dilute RBC suspensions were loaded into the gap between the cylinders of the 

ektacytometer. Due to the low haematocrit (i.e., 0.5%) of the RBC suspension, the range of 
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shear stress was determined by the constant viscosity (i.e., 30 mPa/s), and manipulation of the 

shear rate (10 – 1667 s-1) by altering the rotational speed of the outer cylinder.  

 

After completion of the shearing protocols (i.e., 30 or 60 duty-cycles), the suspension was 

aspirated from the gap of the shearing device, and pfHb was quantified to provide a 

measurement of haemolysis. Control measurements of pfHb were obtained from dilute RBC 

suspensions that had not been exposed to shear stress. Figure 1 illustrates a summarized 

experimental protocol utilized in the present study. 

 

4.2.3 Red blood cell deformability measurements 

The dilute RBC in PVP suspensions were exposed to a ramped shear stress protocol ranging 

0.3-50.0 for the assessment of RBC deformability. A low-powered laser was projected through 

the sample during shear exposure, creating a diffraction pattern at every shear stress that was 

captured by an integrated camera. The diffraction patterns captured by the integrated camera 

were digitally stored and subsequently analysed.  An elongation index (EI) of sheared samples, 

measured using the long (L) and short axes (W) of the elliptical RBC diffraction patterns, was 

calculated as: EI = (L-W) / (L+W).  Additionally, a non-linear curve-fitting version of the 

Lineweaver-Burk equation (Baskurt et al., 2009) was applied to the EI-shear stress curve to 

determine two indices of RBC deformability: SS1/2, the shear stress required for half-maximal 

deformation; and EImax, the maximal theoretical elongation at infinite shear stress.  

Subsequently, the ratio of SS1/2 over EImax was calculated to normalize SS1/2 for differences in 

maximal deformation.  Improved RBC deformability is associated with increased EImax, 

decreased SS1/2, and decreased SS1/2 : EImax. All experiments were conducted with blood 

samples at 37° C.  

 

4.2.4 Elongation Index during supra-physiological shear stress exposure 

The laser diffraction pattern captured during exposure to supra-physiological shear stress (100 

Pa) for 1 s each duty-cycle were also analysed for EI during the final 100 ms of each 1 s shear 
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stress exposure and analysed as described above for the Red blood cell deformability 

measurements. 

 

4.2.5 Determination of haemolysis 

Dilute RBC suspensions collected prior to, and after 30 and 60 duty-cycles of supra-

physiological shear stress application, were centrifuged at 1200 x g for 10 min.  The top half of 

the supernatant was aspirated and used to quantify pfHb.  The supernatant was added to 0.01% 

Na2CO3 at two dilutions (1:6, 1:10) and mixed well.  Each diluted supernatant was analysed for 

pfHb using the Harboe method (Harboe, 1959): absorbance was measured at 380, 415 and 450 

nm using a spectrophotometer (UVmini-1240, Shimadzu, USA).  The 3-point ‘Allen 

correction’ was incorporated to accommodate for interfering absorptions, such as 

bilirubin/albumin complexes and lipids that peak between 380 – 450 nm (Chan et al., 2012).  

Thus, the oxyHb absorbance peak at 415 nm was adjusted so as to be directly proportional to 

oxyHb concentration for quantitative analysis (Chan et al., 2012) (Equation 1). The pfHb value 

calculated for the two dilutions (1:6, 1:10) were averaged and reported herein.  

Equation 5. Quantification of haemolysis 

 

𝑝𝑓𝐻𝑏 (
𝑚𝑔

𝑑𝐿
) = (

167.2𝐴𝑏𝑠415 − 83.6𝐴𝑏𝑠450  − 83.6𝐴𝑏𝑠380

10
) ×

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑁𝑎2𝐶𝑂3
 

 

4.2.6 Statistical analysis 

Results are reported as mean ± standard error, unless otherwise stated. Non-linear curve fitting, 

using the Lineweaver-Burk equation, to the raw EI-shear stress data was performed with 

statistical modelling software (Prism, GraphPad Software Inc, Release 6.07, USA). For all 

measurements, a repeated measures one-way ANOVA test with Greenhouse-Geisser correction 

was used to determine whether significant differences in the means existed, and Bonferonni 

post-hoc adjustments subsequently applied when examining multiple comparisons (Prism, 

GraphPad Software Inc, Release 6.07, USA).   
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4.3 Results 

4.3.1 Red blood cell deformability responses to repeated, short-term supra-physiological 

shear stress 

Changes in RBC deformability (i.e., EI-shear stress curves) following application of the supra-

physiological shear stress protocol are illustrated in Figure 6.  A general impairment in RBC 

deformability was observed with repeated duty-cycles, as evidenced by decreases in EI 

detectable at 5.15 and 9.09 Pa after only 15 duty-cycles when compared with control (Con) (p 

< 0.05). Following 30 duty-cycles, the decrease in EI included all measures between 2.91 and 

16.04 Pa when compared with Con (p < 0.05). The decreased EI after 45 and 60 duty-cycles 

progressed to include significant decreases in EI between all shear stresses inclusive of 2.91 to 

28.32 Pa, when compared with Con (p < 0.05). An atypical upswing in the EI-shear stress curve 

was observed at lower shear stress, where EI uncharacteristically increased at 0.3 Pa after 15-

30 duty-cycles compared with Con. 

 

Figure 6. Elongation index of RBC measured at shear stress between 0.3 and 50 Pa for RBC 

before shear stress exposure (Con) and after 15, 30, 45, and 60 duty-cycles at 100 Pa for 1 s 

every 60 s.  Data are ± SEM (error bars hidden within data points), n = 20. Statistical 

significance is considered at an α level of 0.05.  a 15 duty-cycles significantly different to Con. 

b 30 duty-cycles significantly different to Con.  c 45 duty-cycles significantly different to Con.  

d 60 duty-cycles significantly different to Con. 
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Curve-fit parameters that describe the EI-shear stress relationship (Figure 7) indicate that the 

supra-physiological shear stress protocol significantly decreased EImax following 30 duty-cycles 

when compared to Con (Figure 7; p <0.05), and this decrease in EImax continued with repeated 

duty-cycles. The SS1/2 was significantly increased following 15-45 duty-cycles (p < 0.05) when 

compared to Con. However, following 60 duty-cycles the SS1/2 had recovered and showed no 

significant difference when compared to Con (Figure 7).  In contrast, the SS1/2:EImax, used to 

normalize SS1/2 relative to maximal deformation (Figure 7), was significantly increased 

following 15 duty-cycles (p < 0.05) and the increase in the SS1/2: EImax was maintained with 

repeated duty-cycles when compared to Con. 
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Figure 7. Curve-fit parameters that describe the elongation index- shear stress relationship for 

RBC before shear stress exposure (Con), and after 15, 30, 45, and 60 duty-cycles at 100 Pa for 

1 s every 60 s.  Parameters presented are (A) maximal elongation index at infinite shear stress 

(EImax), (B) the shear stress required for half-maximal deformation (SS1/2), and (C) the ratio of 

SS1/2 divided by EImax (SS1/2 : EImax).  Data are mean ± SEM, n = 20.  * p < 0.05 significantly 

different from Con.  ** p < 0.01 significantly different from Con.  **** p < 0.0001 significantly 

different from Con. 
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4.3.2 Red blood cell deformability responses during the application of supra-physiological 

shear stress 

During application of the supra-physiological shear stress protocol, RBC deformability was 

able to be determined in real-time; shear stress did not change during this application (constant 

100 Pa). The real-time deformability of RBC at 100 Pa significantly increased during the 

application of supra-physiological shear stress (Figure 8) (F (1.891, 32.15) = 12.21, p = 0.0001). 

Indeed, RBC deformability during the 100 Pa exposure was significantly increased during the 

2nd duty-cycle and remained elevated until the 36th duty-cycle, when compared to the first duty 

cycle (p < 0.05).  From the 36th duty-cycle, RBC deformability at 100 Pa was not significantly 

different when compared to the first duty-cycle. 

 

Figure 8. Static RBC deformability during application of 100 Pa shear stress applied every 60 

s for 1 s compared to elongation index (EI) of RBC prior to shear stress (Con).  Data are mean 

± SEM, n = 20. * p < 0.05 significantly different from Con. 

 

4.3.3 Haemolysis during the application of supra-physiological shear stress 

Figure 9 presents pfHb collected from RBC suspensions following the application of the supra-

physiological shear stress protocol.  No change in pfHb was observed after 30 duty-cycles, 

when compared to Con.  Following 60 duty-cycles, pfHb was significantly increased when 

compared to Con (p < 0.05). 
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Figure 9. Plasma-free Hb in RBC suspension before shear stress exposure (Con) and after 30 

and 60 duty-cycles of supra-physiological (100 Pa) shear.  Data are mean ±SEM. **, p < 0.01, 

significantly different to Con. 

 

4.4 Discussion 

The present study demonstrated that short-term and repeated exposure of RBC to a uniform 

supra-physiological shear stress of 100 Pa caused a progressive decrease in RBC deformability, 

and the accumulated RBC damage after >30 duty-cycles was associated with haemolysis.  

Specifically, we observed: 1) significant shifts to the right in the EI-shear stress curve; 2) a 

gradual decrease in the EImax; 3) a paradoxical increase in RBC deformability during the supra-

physiological shear stress protocol (100 Pa) up to 35 duty-cycles and; 4) an increase in pfHb, 

following repeated supra-physiological shear stress. These findings provide insight into the 

capacity of RBC to withstand transient, high levels of shear stress representative of that 

employed by VAD. 

 

Within the vascular network, the magnitude of shear stress that blood is exposed to is 

determined by the pressure generated by the heart, flow rate, geometrical features and structural 

network of the vasculature, and rheological properties of blood (Secomb & Pries, 2007).  As 

such, there is a physiological range of shear stress across the vasculature that has been shown 
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to range from 0.1 to 0.6 Pa within the venous network, and from 1 to 15 Pa within the arterial 

network (Koutsiaris et al., 2013; Papaioannou & Stefanadis, 2005).  However, RBC may 

experience much higher shear stress when traversing VAD, where shear stress may reach 

between 100 - 150 Pa  (Selgrade & Truskey, 2012).  The present study demonstrated that duty-

cycles of 100 Pa for 1 s every 60 s, representative of exposure time observed within VAD, 

resulted in impaired RBC deformability: a decrease in RBC EI across a range of shear stress 

(i.e., 2.91 to 28.32 Pa) following 45 duty-cycles of the supra-physiological shear stress protocol 

was observed (Figure 6).  The range of shear stress in which RBC deformability was impaired 

in the current study is important for biological processes, including regulation of vessel tone 

via shear-induced release of vasodilators (e.g., nitric oxide, prostacyclin), mediation of 

anticoagulant properties, and deformation of RBC to traverse the microcirculation and maintain 

adequate tissue perfusion (Bor-Kucukatay et al., 2003; Davies, 1995; Martini et al., 2006; Pan, 

2009; Rajendran et al., 2013).  As such, impaired RBC deformability within this range of shear 

stress may contribute to hypoxia given that delivery of oxygen to active tissues requires RBC 

to traverse capillaries that are significantly smaller in diameter than RBC (i.e., approximately 3 

– 5 µm) (Parthasarathi & Lipowsky, 1999; Wiedeman, 1963).  The present study builds upon 

the findings of Baskurt and Meiselman (2013b) who observed a decrease in the EI-shear stress 

curve following 300 s continuous exposure to supra-physiological shear stress (i.e., 100 Pa).  In 

contrast, given the decrease in EI (Figure 6) the present study provides evidence for the first 

time that short-term, repeated supra-physiological shear stress also impairs RBC deformability; 

this finding is important since the duty-cycle implemented in the present study is consistent 

with that of clinically-used mechanical assist devices such as VAD.   

 

Furthermore, an atypical upswing of the EI-shear stress curve at low shear stress was observed 

following 15 and 30 duty-cycles in the present study (Figure 6).  A recent study by Simmonds, 

Atac, et al. (2014) also reported an inflection in the EI-shear stress curve following exposure to 

supra-physiological shear stress of ≥ 30 Pa, which built upon earlier works demonstrating 

similar findings after 30 s exposure to 56.4 Pa (Lee et al., 2004).  The RBC membrane, 

displaying viscoelastic properties, requires time to recover from an applied force, and the 

recovery phase of RBC deformability is proportional to the total time period of elongation and 

the magnitude of applied shear stress (Markle et al., 1983).  The atypical inflection on the EI-

shear stress curve (Figure 6) may be explained, to some extent, by the supra-physiological shear 
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stress exceeding the force relaxation time required before RBC recover for subsequent exposure 

to shear stress during the measurement of deformability (Watanabe et al., 2006).  This indicates 

that shear stress imposed on RBC at a magnitude of 100 Pa for 1 s may impede short-term RBC 

recoverability.  This finding is consistent with previous studies that have demonstrated the 

recovery phase from RBC elongation to be non-linear, and that the non-linearity is exacerbated 

by the degree of strain (Park et al., 2011; Puig-de-Morales-Marinkovic et al., 2007; Yoon et al., 

2008).  As such, exposure to short-term, repeated supra-physiological shear stress impairs RBC 

recoverability which may precipitate further complications (e.g., haemolysis).  Nevertheless, 

attenuation of the inflection at low shear stress was observed following 45 duty-cycles.  Given 

that the current study found evidence of haemolysis following 60 duty-cycles (Figure 9), it is 

possible the impairment in RBC deformability at lower shear stress that was observed following 

15 and 30 duty-cycles was influenced by a rigid “sub-population” of RBC within the sample 

and that those cells, being more mechanically fragile (Kameneva et al., 1998), were ultimately 

lysed.  Subpopulations of RBC within normal blood samples may reflect inherent mechanical 

differences that may represent older (more fragile/rigid) vs. younger RBC (more deformable); 

indeed, pathologically rigid RBC have been reported to predictably alter the diffraction pattern 

used to measure RBC deformability, supporting our present findings (Rabai et al., 2014).  Thus 

it is plausible that the curve-parameters that describe the EI-shear stress relationship (i.e., EImax, 

SS1/2, and SS1/2:EImax) for RBC indicate an impairment in RBC deformability prior to 

haemolysis.  

 

The present study found that there was a significant decrease in RBC EImax which deteriorated 

with the number of duty-cycles of the supra-physiological shear stress protocol (Figure 7).  In 

addition, there was a significant increase in SS1/2:EImax (SS1/2 normalized to EImax) following 

15 duty-cycles (Figure 7) that was maintained with repeated duty-cycles. These findings 

support those of Baskurt and Meiselman (2013b), who reported that RBC exposed to 300 s of 

supra-physiological shear stress demonstrated decreased EImax and increased SS1/2:EImax.  The 

results from the present study demonstrate that short-term and repeated supra-physiological 

shear stress significantly impairs RBC deformability, as indicated by the decreased EImax and 

increased SS1/2:EImax. It is likely that impaired RBC deformability precipitated RBC 

fragmentation, given the increase in haemolysis subsequently observed in the current study 

(Figure 9).  Sutera and Mehrjardi (1975) reported RBC began to fragment and pfHb 
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concentration increased when blood was exposed to 250 Pa for 4 min.  As such, the current 

study, utilizing a protocol typical of that employed by a VAD, provides evidence for the first 

time that a short-duration and intermittent shear stress protocol at 100 Pa impairs RBC 

deformability that may, in turn, precipitate RBC fragmentation.  This finding suggests that RBC 

possess limited capacity to withstand accumulated shear stress in the supra-physiological range, 

and it is plausible there may be a time-dependent effect in that accumulated shear stress 

exposure may cause haemolysis. 

 

This time-dependent effect may partially explain the paradoxical increase in RBC deformability 

when determined at 100 Pa prior to the 36th duty-cycle at which point the increase in RBC 

deformability no longer statistically increased (Figure 8).  Although an increase in real-time 

RBC deformability at 100 Pa is suggestive of an improvement, it is plausible that this 

observation is the product of an overstretch of RBC and haemoglobin leakage (Watanabe et al., 

2006).  However, this overstretch impedes RBC recoverability as identified by the decrease in 

EImax (Figure 7).  Moreover, it is evident this decrease in RBC recoverability impairs the RBC 

capacity to withstand accumulative, supra-physiological shear stress given the increase in RBC 

deformability at 100 Pa was no longer statistically increased during duty-cycles 36 - 60 (Figure 

8).  Consequently, the results from the present study indicate that supra-physiological shear 

stress overstretches RBC, and thus the cells capacity to withstand repeated supra-physiological 

shear stress is subsequently impaired.  This impairment ultimately results in haemolysis (i.e., 

the leaking of haemoglobin) identified by an increase in real-time RBC deformability at 100 

Pa, and a decrease in EImax, that precipitated an increase in RBC fragility and a significant 

increase in pfHb. 

 

Indeed, the current study only found evidence of a significant increase in pfHb following 60 

duty-cycles of the supra-physiological shear stress protocol, although a limitation of the study 

was that no pfHb measurements were taken following 15 or 45 duty-cycles due to the closed-

system within which RBC were exposed to shear stress.  Recent studies that have investigated 

the effects of shear stress at 100 Pa on RBC deformability did not report increased haemolysis 

when utilizing exposure durations of 10 – 300 s (Baskurt & Meiselman, 2013b; Simmonds, 

Atac, et al., 2014).  Given the difference in durations when comparing previous studies with the 
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present, it is plausible that there may be a time-dependent effect that when combined with 

accumulated shear stress exposure, haemolysis may occur.  This finding is important given that 

the shear stress exposure duration utilised in the current study is consistent with that of a VAD, 

unlike recent studies (Baskurt & Meiselman, 2013b; Lee et al., 2007; Simmonds, Atac, et al., 

2014), and may explain, in part, the incidence of haemolysis in VAD. 

 

For the haemocompatibility of VAD, it is important that RBC respond to successive 

applications of supra-physiological shear stress without functional decline. Given the decrease 

in EImax, the atypical inflection in the EI-shear stress curves at low shear stress, and the increase 

in real-time RBC deformability at 100 Pa that was observed with successive duty-cycles (Figure 

7 and Figure 8 respectively), prior to a significant increase in haemolysis, it appears supra-

physiological shear stress impairs RBC deformability, and this impairment occurs prior to 

haemolysis.  As such, decreased RBC deformability may be useful for haemocompatibility 

testing of circulatory support devices (e.g., VAD).  A limitation of the current study was that 

female subjects were not included, and thus a follow-up study into the effects of repetitive shear 

stress on female blood has been proposed.  Nevertheless, the present study highlights the impact 

of short-term, repeated supra-physiological shear stress, on RBC deformability; thus, future 

research may focus on identifying the impact of supra-physiological shear stress imposed by 

circulatory support devices on the biochemical processes involved in the impairment of RBC 

deformability and how associated changes may relate to subsequent complications (i.e., 

haemolysis, increased platelet activity) associated with VAD.  
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Chapter 5 Study four 

Shear stress and red blood cell nitric oxide synthase: a 

dose response 

Chapter preface 

Red blood cells (RBC) express a nitric oxide synthase (RBC-NOS) that appears to be highly 

dependent upon shear stress for activation; nonetheless, the activation of RBC-NOS across the 

physiological range of shear stress RBC are exposed to (i.e., 0.1 – 10 Pa) is yet to be elucidated.  

The current study aimed to assess RBC-NOS activation utilising a physiologically-relevant 

shear stress regime. 
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5.1 Introduction 

The components of the cardiovascular system (i.e., the blood vessels, heart, and blood cells) are 

constantly exposed to a shear stress that stimulates biochemical pathways.  Indeed, one of the 

most important signalling molecules within the cardiovascular system, nitric oxide (NO), is 

produced via shear stress.  Nitric oxide is predominantly generated by the enzyme endothelial 

NO synthase (eNOS) which is expressed within the endothelial layer lining the vasculature.  

The activation of eNOS is inhibited by the protein coat of caveolae sterically blocking the 

calmodulin binding site (J. B. Michel, Feron, Sase, et al., 1997). However, alterations in the 

shear stress exposure to the vasculature may activate membrane-bound calcium (Ca2+) 

channels, facilitating an influx of extracellular Ca2+ (J. Ando & Yamamoto, 2013).  The 

increased intracellular Ca2+ promotes formation of a Ca2+-calmodulin complex that 

competitively displaces the inhibitory caveolin from eNOS (J. B. Michel, Feron, Sacks, et al., 

1997).  Once bound, calmodulin increases the rate of electron transfer within eNOS from 

nicotinamide adenine dinucleotide phosphate (NADPH) in the carboxy-terminal reductase 

domain to haem in the amino-terminal oxygenase domain via the co-factors flavin adenine 

dinucleotide and flavin mononucleotide (Forstermann & Sessa, 2012).  The electrons at the 

haem site reduce and activate oxygen, and oxidise L-arginine to L-citrulline, while generating 

NO via the intermediate, N-hydroxy-L-arginine (Forstermann & Sessa, 2012).  Alternatively, 

shear stress may activate protein kinase A, and protein kinase B (also known as Akt) pathways 

via mechanotransduction to increase inositol triphosphate production (Boo et al., 2002; Koo et 

al., 2013; T. Michel & Feron, 1997).  Subsequently, the regulatory carboxy-terminal tail of 

eNOS may be displaced via post-translational phosphorylation of the key amino acid, 

serine1177, thus relieving repression of NO synthesis by stimulating an influx of electrons 

within the reductase domain and increasing the Ca2+ sensitivity of eNOS (Garcin et al., 2004).  

A seminal study by Kleinbongard et al. (2006) identified that RBC may also endogenously 

produce NO via an active eNOS isoform within RBC, referred to as RBC-NOS. 

 

Red blood cell-NOS appears to be highly dependent upon shear stress for activation, given 

Bohmer et al. (2012) indicated that RBC-NOS is either non-functional or has low activity 

during resting conditions.  In contrast, Ulker et al. (2011) reported that RBC exposed to shear 

stress between 0.1 and 2.0 Pa in vitro resulted in phosphorylation of RBC-NOS at serine1177.   
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However, the physiological range of shear stress across the cardiovascular system extends from 

0.1 to 0.6 Pa within the venous network, and up to 1 to 15 Pa within the arterial network 

(Koutsiaris et al., 2013; Papaioannou & Stefanadis, 2005). Shear stress is determined by the 

flow rate, geometrical features of the vasculature, and the rheological properties of blood, 

including blood and plasma viscosity (Secomb & Pries, 2007).  Given that Corson et al. (1996) 

previously reported alterations in shear stress magnitude and exposure time modulated eNOS 

activation, it is conceivable that RBC-NOS activation would also be modulated via alterations 

in shear stress.  Given the ability of RBC-derived NO to contribute to RBC deformability (Grau 

et al., 2013), platelet function (L. Y. Chen & Mehta, 1998), and haemodynamics (Ulker et al., 

2013), it is of scientific interest to elucidate the relationship between shear stress exposure 

across the physiological range and RBC-NOS activation.  Consequently, the current study 

aimed to assess RBC-NOS activation across a physiologically-relevant shear stress range. 

 

5.2 Methods 

5.2.1 Subjects and sampling 

Venous blood samples were collected from 10 healthy male donors (age: 28 ± 7 yr).  

Participants were free of known cardiovascular, metabolic, neurologic, and haematological 

disorders. Exclusion criteria included: i. cigarette smoking within the previous 12 mo; ii. use of 

medications known to alter blood fluidity and/or cardiovascular health (no participant was using 

any pharmacological agent).  Blood was collected, within 90 s of tourniquet application to the 

upper arm, from a prominent antecubital vein and anticoagulated with lithium heparin (BD 

Vacutainer®; 158 USP). Written and witnessed informed consent was provided by each 

participant and the use of blood was consistent with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki). The experimental procedures were reviewed and 

approved by the Griffith University Human Research Ethics Committee. 

 

5.2.2 Experimental Overview 

A subset of four blood samples were evaluated per subject in the present study which involved 

three phases: i. measurement of whole blood viscosity to be subsequently used in the calculation 
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of individualised shear stress exposure protocols; ii. a “conditioning” period during which the 

blood samples were exposed to a specific magnitude of shear stress (i.e., 0.5, 1.5, 4.5, 13.5 Pa) 

for 30 min, and; iii. fixation of blood samples immediately following the conditioning period 

for preservation of RBC-NOS phosphorylation.  During the “conditioning” periods an aliquot 

was aspirated from the shearing device following 1, 10, and 30 min.  Additionally, a 

measurement of RBC-NOS activation without prior exposure to shear stress (i.e., control) was 

taken for quantification of baseline RBC-NOS activation. 

 

5.2.3 Exposure of red blood cells to shear stress 

Viscosity (µ) of blood at native haematocrit was measured using a rotational cone-plate 

viscometer operated at 37°C (0.5 DVII+ with CPE40 spindle, Brookfield Engineering Labs, 

Middleboro, MA).  Thereafter, a fresh blood subset was loaded into the shearing system for the 

application of shear stress.  The shearing system (LORRCA MaxSis, Mechatronics, The 

Netherlands) consists of two concentric cylinders; the outer cylinder is temperature-regulated 

at 37°C and is rotated at discrete speeds to apply a shear rate to the fluid between the two 

cylinders.  Thus, for the experimental protocol, the shear stress could be calculated given that 

the viscosity of blood was measured, and the shear rate (γ̇) applied to the gap of the shearing 

system could be quantified.  First, to calculate the shear rate required to apply the desired 

magnitude of shear stress for a known viscosity solution, the following equation described by 

Hardeman et al. (1987) was utilised: 

Equation 6. Calculation of shear rate within the LORRCA shearing system for the 

application of shear stress to red blood cell nitric oxide synthase 

�̇� = 2 ×
2𝜋

60
 

𝑟1 × 𝑟2

𝑟2
2 − 𝑟1

2 × 𝑁 

where r1 and r2 = radius of the inner and outer cylinder, respectively; N = rev/min.   The shear 

stress was then calculated with the following calculation: 

Equation 7.  Calculation of shear stress applied to red blood cell nitric oxide synthase 

𝜏 = 𝜇 × �̇� 
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Subsequently, the rotational speed of the outer cylinder was set to obtain the pertinent shear 

rate for the discrete magnitude of shear stress to be applied.  A fresh blood sample (1200 µL) 

was utilised for each discrete magnitude of shear stress.  The shearing system was then operated 

for 1 min and paused during which time a small portion (300 µL) of blood was removed from 

the gap.  The application of shear recommenced within 10 s from initially being paused and the 

experimental protocol resumed for a further 9 min (i.e., a total of 10 min shear exposure).  The 

shearing system was then paused a second time, and another small portion of blood was 

removed from the gap.  Again, the application of shear recommenced within 10 s from being 

paused and the experimental protocol resumed for a further 20 min (i.e., a total of 30 min shear 

exposure) after which a final small portion of blood was removed from the gap and used for 

analysis of RBC-NOS phosphorylation. 

 

5.2.4 Red blood cell nitric oxide synthase activation 

The quantification of RBC-NOS activation was performed utilising immunohistochemistry 

with a fluorescence detection method.  Blood samples were immediately aliquoted into 

microtubes containing 4% paraformaldehyde in tris-buffered saline (TBS, pH 7.6) at a 1:1 ratio 

for 20 min. Following fixation, a blood smear onto a glass slide was made and subsequently 

heat fixed for cellular adhesion. A wax border was drawn around each blood smear to separate 

between the ‘test’ area and negative control area.  The blood smears were washed several times 

with TBS and then permeabilised with 0.1% trypsin.  Thereafter, the blood smears were 

incubated with a blocking buffer (3% milk powder in 0.1 M TBS with 0.001% Tween-20) for 

30 min to minimise non-specific binding. Following which, the test area of each slide was 

incubated with anti-phospho eNOS (Ser1177; Merck Millipore; MA, USA) in antibody diluent 

(TBS with 0.3% milk powder and 0.001% Tween-20, 1:200), while the control area was 

incubated with antibody diluent in the absence of the primary antibody.  Afterward, blood 

smears were washed several times with TBS, and then incubated with a secondary blocking 

buffer (3% goat serum in 0.1 M TBS) for 1 hr.  Thereafter, both areas of the blood smears were 

incubated with a goat anti-rabbit IgG secondary antibody (Vector Laboratories; CA, USA) in 

antibody diluent for 1 hr.  The blood smears were then washed with TBS several times, 

dehydrated with a graded series of alcohols (70, 90, 100%), cleared with xylene (534056, 

Sigma-Aldrich), and then mounted with a mounting medium (Entellan® new; Merck Millipore; 
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MA, USA) and a glass coverslip.  The blood smears were then examined with a fluorescence 

objective (LUCPLFLN 40X/0.60) attached to an Olympus microscope (IX 73) coupled to a 

CMOS camera (optiMOS™ sCMOS; QImaging, QLD, AUS).  Digital photos of the test area 

and negative control area were analysed using Image J software (National Institutes of Health, 

Bethesda, Maryland, USA) with the intensity of immunofluorescence, representing the amount 

of RBC-NOS activation. 

 

5.2.5 Data analysis 

Initially, immunofluorescence intensity of both the test area and the control were quantified as 

the RBC grey value minus the mean background grey value, which was detected at a cell-free 

area of the slide; at least six cell-free regions were used to calculate the background value on 

each slide.  Thereafter, the corrected total cell fluorescence (CTCFn) for each cell was 

determined (Equation 8). 

Equation 8. Calculation of the corrected total cell fluorescence for each cell 

𝐶𝑇𝐶𝐹𝑛 = 𝑇𝑒𝑠𝑡 𝐶𝑥𝑅𝐵𝐶𝑔𝑟𝑒𝑦 𝑣𝑎𝑙𝑢𝑒 − 𝐶𝑜𝑛 𝐶𝑥𝑅𝐵𝐶𝜇𝑥 𝑔𝑟𝑒𝑦 𝑣𝑎𝑙𝑢𝑒 

where Test CxRBCµ grey value = grey value of background-corrected RBC from test area of the 

slide, and Con CxRBCµx grey value = mean average grey value of > 50 background-corrected RBC 

from the control area of the slide. 

 

5.2.6 Statistical analysis 

The Shapiro-Wilk test of normality was used to assess normality of the CTCF data.  

Subsequently, the Kruskal-Wallis test was used to determine whether significant differences in 

the mean CTCF existed, and Dunn’s multiple comparisons test was applied when examining 

multiple comparisons between durations of shear stress exposure for a given magnitude (Prism, 

GraphPad Software Inc, Release 7.02, USA). 
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5.3 Results 

5.3.1 Whole blood viscosity  

The two parameters required for the measurement of shear stress – whole blood viscosity, and 

shear rate s-1 - are presented in Table 1.  The mean whole blood viscosity was 5.08 ± 0.24 cP.  

The mean shear rate values required to obtain the discrete shear stress values of 0.5, 1.5, 4.5, 

and 13.5 Pa are also presented in Table 1.  To obtain a shear stress magnitude of 0.5 Pa, a shear 

rate of 122 ± 17.21 s-1 was applied to whole blood samples.  Likewise, a shear rate of 300 ± 

13.61, 900 ± 40.94, and 2712 ± 115.9 s-1 was applied to whole blood samples to obtain a shear 

stress magnitude of 1.5, 4.5, and 13.5 Pa, respectively. 

Table 2. Average viscosity and shear rate data utilised for the calculation of shear stress 

 0.5 Pa 1.5 Pa 4.5 Pa 13.5 Pa 

Blood viscosity (cP) 5.08 ± 0.24 5.08 ± 0.24 5.08 ± 0.24 5.08 ± 0.24 

Shear rate (s-1) 122 ± 17 300 ± 14 900 ± 41 2712 ± 116 

Pa – pascal, cP – centipoise, s-1 – inverse second.  All data is presented as mean ± SEM. 

 

5.3.2 Red blood cell nitric oxide synthase activation  

The mean RBC-NOS activation for previously unsheared (i.e., baseline or t = 0 min) blood 

samples, and following shear stress stimulation at 0.5, 1.5, 4.5, and 13.5 Pa for durations of 1, 

10, and 30 min are presented in Figures 10 and 11. 

 

There was a significant increase in RBC-NOS activation following exposure to 0.5 Pa for 1 min 

when compared to baseline (0 min; p <0.05).  Furthermore, RBC-NOS activation continued to 

increase significantly following 10 min when compared to baseline and an exposure duration 

of 1 min (0-10 min = p < 0.0001, 1-10 min = p < 0.05).  Following an exposure duration of 30 

min, RBC-NOS activation was significantly increased when compared to baseline (p < 0.0001); 

however, there was no significant difference when compared to exposure durations of 1-10 min. 
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The activation of RBC-NOS was significantly increased following a shear stress exposure of 

1.5 Pa for 1 and 10 min, and significantly decreased following 30 min when compared to RBC-

NOS activation at baseline (1, 10 min = p < 0.0001, 30 min = p < 0.001).  Nevertheless, an 

exposure duration of only 1 min induced the greatest response at 1.5 Pa as RBC-NOS activation 

significantly decreased following exposure to 1.5 Pa for 1 min when compared to exposure 

durations of 10, and 30 min (p < 0.0001).  Moreover, RBC-NOS activation continued to decline 

as identified by a significant decrease following 30 min shear stress exposure at 1.5 Pa when 

compared to an exposure duration of 10 min (p < 0.0001). 

 

Exposure to a shear stress magnitude of 4.5 Pa for 1 min did not induce a significant change in 

RBC-NOS activation when compared to baseline RBC-NOS activation; however, there was a 

significant increase following 10 min (p < 0.01).  The activation of RBC-NOS after 10 min 

exposure at 4.5 Pa was significantly greater when compared to an exposure duration of 1 and 

30 min (p < 0.0001).  Indeed, RBC-NOS activation had significantly decreased following 

exposure at 4.5 Pa for 30 min even when compared to baseline RBC-NOS activation (p < 0.01). 

 

The mean RBC-NOS activation was significantly increased following exposure to 13.5 Pa for 

1, 10 and 30 min when compared to baseline (p < 0.0001).  Between exposures of 1 and 10 min 

there was a significant difference in the mean RBC-NOS activation (p < 0.0001); however, 

RBC-NOS activation following 30 min exposure to 13.5 Pa was significantly less when 

compared to an exposure duration of 10 min (p < 0.0001). 
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Figure 10. Corrected total cell fluorescence (CTCF) of serine1177 phosphorylated RBC-NOS 

following exposure to discrete exposure durations of 1, 10, and 30 min, at shear stress 

magnitudes of 0.5 Pa (blue bars), 1.5 Pa (green bars), 4.5 Pa (red bars) and 13.5 Pa (purple 

bars).  RBC-NOS activation before shear stress is presented as grey bars.  Data are presented 

as mean ± SEM.  P values are presented in text. 
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Figure 11. Fluorescence images of activated red blood cell-derived nitric oxide synthase 

following exposure to shear stress exposed to discrete magnitudes (A – 0.5 Pa, B – 1.5 Pa, C – 

4.5 Pa, 13.5 Pa) and timepoints (1 – 0 min, 2 – 1 min, 3 – 10 min, 4 - 30 min). 

 

5.4 Discussion 

The aim of the present study was to examine changes in RBC-NOS activation stimulated by 

shear stress at discrete magnitudes and durations of exposure.  The principal finding was that 

the stimulation of RBC-NOS via shear stress is dependent upon both shear stress magnitude 

and duration in a non-linear manner: the enzymatic response differs between magnitudes and 

exposure times of shear stress. Red blood cell-NOS activation increased after only 1 min 
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following exposure to 0.5, 1.5 and 13.5 Pa, and after 10 min following exposure to 4.5 Pa.  

Additionally, RBC-NOS activation was significantly decreased when exposed to a shear stress 

magnitude of 1.5 and 4.5 Pa for 30 min.  Given that RBC were exposed to shear stress within 

the physiological range (i.e., 0.5 – 13.5 Pa), the findings from the current study help identify 

the biochemical response of RBC-NOS to shear stress as RBC traverse the human vasculature. 

 

The activation of RBC-NOS was significantly increased following exposure to a shear stress 

magnitude of 0.5 Pa for 1 min when compared to baseline (Figure 10; p < 0.05).  Red blood 

cell-NOS activation continued to increase following 10 and 30 min (Figure 10; p < 0.0001); 

however, no significant change was identified after 30 min when compared to durations of 1, 

and 10 min.  These data suggest RBC-NOS may have achieved maximum activation following 

exposure to 0.5 Pa for 10 min.  Dimmeler et al. (1999) previously observed a significant increase 

in eNOS activation following exposure to a shear stress magnitude of 0.5 Pa and observed a 

maximal response following 1-2 h.  Consequently, the current study indicates that RBC-NOS 

exposed to 0.5 Pa exhibits an ability to reach maximum enzymatic activation that is expedited 

when compared to eNOS. 

 

The present study found that exposure to shear stress at 1.5 Pa significantly increased RBC-

NOS activity after 1 min (Figure 10; p < 0.0001).  This data is congruent with the findings by 

Boo et al. (2002), where eNOS activity via serine 1177 phosphorylation was stimulated via 

shear stress after 2 min at 1.5 Pa.  Continued exposure to a shear stress magnitude of 1.5 Pa saw 

a decline in RBC-NOS activation following 10, and 30 min when compared to RBC-NOS 

activation following 1 min (Figure 10; p < 0.0001).  Although the exposure of 1.5 Pa for 10 min 

demonstrated a greater RBC-NOS activation when compared to baseline (Figure 10; (p < 

0.0001), the exposure for 30 min at 1.5 Pa was significantly decreased compared to baseline 

(Figure 10; p < 0.001).  No previous studies have directly investigated the effects of a shear 

stress exposure at 1.5 Pa on RBC-NOS activation; however, the decline in RBC-NOS activation 

following 1 min shear exposure at 1.5 Pa may be explained by negative feedback common to 

eNOS isotypes (Kopincova et al., 2011).  It has been previously demonstrated within 

endothelial cells that eNOS activity may be decreased via shear-mediated peroxynitrite 

nitrosylation/oxidation of the eNOS enzyme (Huang et al., 2009; Ravi et al., 2004).  It is well 
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established that NO will readily bind to superoxide when in excess to form the oxidant, 

peroxynitrite, and that peroxynitrite will readily oxidise biomolecules, and form nitrated 

adducts (Ischiropoulos, 1998; O'Donnell et al., 1999; van der Vliet et al., 1998).  Given the 

significant increase in RBC-NOS activation following 1 min, it is likely that intracellular NO 

bioavailability was increased at this time-point.  Consequently, it is plausible that RBC-NOS 

activity may have been auto-regulated by the accumulation of intracellular NO to minimise 

oxidative stress induced by increased RBC-NOS enzymatic activity. 

 

The activation of RBC-NOS to a shear stress of 4.5 Pa did not significantly differ following a 

shear exposure duration of 1 min, significantly increased after an exposure duration of 10 min 

(Figure 10; p < 0.01), and significantly decreased following an exposure duration of 30 min 

(Figure 10; p < 0.01). Although no previous studies have investigated the effects of a shear 

stress magnitude of 4.5 Pa on NOS activation, these data are consistent with the current 

hypothesis that prolonged exposure to higher magnitudes of shear stress may lead to auto-

regulation of RBC-NOS enzymatic activity via the accumulation of intracellular NO.  Given 

that data from the current study indicate RBC-NOS maximal enzymatic activation is expedited 

when compared to eNOS, and that enzymatic activation may be auto-regulated, it is plausible 

that an exposure to 4.5 Pa may accelerate RBC-NOS auto-regulation when compared to 

exposure at 1.5 Pa.  

 

The present study observed a significant increase in RBC-NOS activation following exposure 

to a shear stress magnitude of 13.5 Pa for all durations when compared to baseline (Figure 10; 

p < 0.01).  The shear stress magnitude of 13.5 Pa utilised in the present study represents the 

upper limits of shear stress observed within the vasculature (Koutsiaris et al., 2013).  It is within 

the microcirculation that RBC are exposed to the upper limits of shear stress as well as an 

oxygen (O2) gradient where ~ 50-65% of haemoglobin-bound O2 is released to venous 

exchange (Buerk et al., 1993; Duling & Berne, 1970; Popel et al., 1989; Torres Filho et al., 

1996).  Stamler et al. (1997) proposed NO may be released from haemoglobin in low PO2 to 

regulate local blood flow.  Whilst it has previously been reported that the release of adenosine 

triphosphate from RBC may be triggered by acute exposure to a sudden increase in shear stress 

magnitude (Wan et al., 2008), more recent evidence indicates that this occurs in only 14% of 
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the population (Mancuso & Ristenpart, 2018).  Furthermore, O2 demand and O2 levels are often 

spatially heterogeneous in tissues and as such, upstream communication to the arteriole is 

required from the downstream capillaries for effective oxygenation (Secomb, 2008).  Therefore, 

given the results from the present study, it is plausible that microvascular control is not only a 

function of oxygenation state, nitric oxide-mediated vasodilation, and conducted responses 

propagated upstream along the vasculature, but also mechanotransduction.  In other words, a 

critical threshold exists above 4.5 Pa and/or equal to 13.5 Pa for the production of RBC-derived 

NO, and subsequent release for maintenance of vascular control.  In this manner, as RBC 

traverse areas of high shear throughout the microvasculature, NO is released from RBC due to 

the O2 gradient.  Subsequently, changes in membrane potential and ionic concentrations induce 

conducted responses that are propagated along the vessel wall for microvascular control and 

maintenance of tissue perfusion. 

 

5.4.1 Conclusions 

Within the cardiovascular system, RBC are most likely to be exposed to a shear stress 

magnitude of 0.5 Pa whilst traversing the descending aorta, and large veins, a magnitude of 1.5 

Pa whilst traversing the venules, approximately 4.5 Pa whilst traversing the microcirculation 

(i.e., arterioles, and capillaries), and up to 13.5 Pa whilst traversing the pre-capillary arterioles 

of the eye (Koutsiaris et al., 2013; Papaioannou & Stefanadis, 2005).  As such, the current study 

investigated the effect of shear stress exposure magnitudes within the physiological range (i.e., 

0.5 – 13.5 Pa) and identified the non-linear biochemical response of RBC-NOS activation.  The 

non-linear response of RBC-NOS activation during exposure to lower magnitudes of shear 

stress is consistent with previous studies that have observed a negative feedback regulation of 

NOS via NO production. The response of RBC-NOS activation when exposed to the upper 

limits of shear stress magnitude within the circulatory system (i.e., 13.5 Pa) may provide insight 

into, and resolve shortcomings in our current understanding of, microvascular control.  

Nevertheless, RBC are constantly exposed to highly reactive radicals during cellular gaseous 

exchange and such exposure can exceed the RBC innate anti-oxidant defence systems 

(Dormandy, 1971; Gordon-Smith & White, 1974; Jacob et al., 2013).  Subsequently, the current 

study necessitates further research into the effects of shear stress on the nitrosylation of RBC 

proteins, specifically RBC-NOS, and the dose-response of shear-mediated NO production from 

RBC. 
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Chapter 6 Study five 

Shear stress-mediated production of nitric oxide within 

red blood cells: a dose-response 

Chapter preface 

As red blood cells (RBC) traverse the circulatory system, they are exposed to varying degrees 

of shear stress.  The exposure of RBC to shear stress, initiates RBC-derived nitric oxide (NO) 

production that can enhance RBC deformability, and contribute to vasodilation.  However, 

excessive generation of NO may impair RBC deformability as the delicate balance of 

NO:reactive oxygen species (ROS; e.g., superoxide) is perturbed leading to increased 

membrane lipid peroxidation.  Thus, the current study investigated a dose-response of shear 

stress and RBC-derived NO production to identify the extent to which NO is produced for a 

given magnitude and duration of shear stress. 
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6.1 Introduction 

The role of NO as a mediator of diverse physiological functions has been established over the 

last 30 years since Moncada and Ignarro identified the elusive “endothelium derived relaxing 

factor” as NO in 1987 (Ignarro, Buga, et al., 1987; Ignarro, Byrns, et al., 1987; Palmer et al., 

1987).  The principal source of endogenous NO generation is the nitric oxide synthase (NOS) 

family of enzymes of which there are three primary isoforms: inducible NOS (iNOS), neuronal 

NOS (nNOS) and endothelial NOS (eNOS) (Forstermann & Kleinert, 1995).  These isoforms 

are structurally similar and are the products of three distinct genes; although, splice variants of 

these isoforms are beginning to be identified (Alderton et al., 2001).  Indeed, although eNOS is 

well known to be the primary source of NO for regulating vascular tone, the presence of an 

active eNOS isoform within red blood cells (RBC-NOS) may present an alternate source of NO 

generation within the vasculature.  For patients with a damaged or impaired endothelium (e.g., 

atherosclerosis patients) (Tousoulis et al., 2012), this alternative source of NO is of particular 

importance for maintaining vessel tone. 

 

The activity of RBC-NOS appears to be highly dependent upon shear stress for activation 

(Bohmer et al., 2012; Ulker et al., 2011): throughout the circulatory system, the endothelial 

layer lining the vasculature, and the components of blood, are exposed to fluid forces.  One of 

the primary fluid forces exerted upon the vasculature, and blood, is shear stress, and its 

magnitude is determined by the flow rate, geometrical features and structural network of the 

vasculature, and haemorheological properties of blood (Secomb & Pries, 2007).  The fate of 

RBC-derived NO is multifactorial and has both autocrine and paracrine signalling processes 

(Grau et al., 2013; Ulker et al., 2013); however, the reactions of NO can be broadly divided into 

three basic pathways: thiols, oxides, and metals.  Within the ‘thiols’ pathway, RBC-derived NO 

may contribute to S-nitrosylation of skeletal proteins for enhancement of RBC deformability 

(Grau et al., 2013).  Nevertheless, excessive generation of NO may impair RBC deformability 

as NO enters the ‘oxides’ pathway and the delicate balance of NO:ROS (e.g., superoxide) is 

perturbed leading to increased membrane lipid peroxidation (Yerer et al., 2004).  Within the 

‘metals’ pathway, RBC-derived NO binds to deoxyhaemoglobin, which has a high affinity for 

membrane bound anion exchanger, Band 3, to form iron-nitrosyl-haemoglobin (Walder et al., 

1984).  As RBC move into the lungs and there is an increase in the partial pressure of oxygen 
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(PO2), NO translocates to the cysteine β93 residue to form S-nitroso-haemoglobin (Jia et al., 

1996; Stamler et al., 1997).  As the RBC moves throughout the arterial system and the PO2 

again decreases, NO loses its binding affinity for the cysteine β93 residue of S-nitroso-

haemoglobin and is exported out of the cell via Band 3 (Pawloski et al., 2001).  In this manner, 

RBC-derived NO may contribute to the vascular pool of bioavailable NO for vascular smooth 

muscle relaxation and subsequently vascular tone. Indeed, Ulker et al. (2013) observed 

endothelial dilation in denuded vessel segments via RBC-derived NO in the presence of an 

adenosine triphosphate-inhibitor.  Nevertheless, the predominant interactions for NO in a 

biological system are within the ‘metals’ and ‘thiols’ pathways; however, the probability of a 

particular reaction occurring is dependent on: 1) the extent of exposure for a given pathway 

(e.g., the flux rate of NO into the vasculature); ii) the bioavailability of target molecules (e.g., 

superoxide); and iii) structural integrity of target proteins (e.g., ɑ-spectrin) (Gow & 

Ischiropoulos, 2001): all of which are dependent on the bioavailability of NO. 

 

The extent of RBC-derived NO production may, in part, be regulated by the magnitude and 

duration of shear stress to which RBC-NOS is exposed.  As the physiological range of shear 

stress within the circulatory system is between approximately 0.1 and 15 Pa (Koutsiaris et al., 

2013; Papaioannou & Stefanadis, 2005), RBC-derived NO production may occur in a shear-

dose-dependent manner, and could provide a platform to elucidate the subsequent biological 

target of NO (e.g., enhanced deformability or maintenance of vessel tone) for a given shear.  

Moreover, blood may be exposed to a much higher degree of shear stress, termed ‘supra-

physiological shear stress’ while passing through mechanical circulatory support (MCS) 

devices (e.g., cardiopulmonary bypass).  U. M. Fischer et al. (2007) previously demonstrated 

that RBC-NOS activity is increased during cardiopulmonary bypass and suggested RBC-

derived NO may contribute to hypotension.  Additionally, NO is well known to regulate platelet 

activity and subsequently minimise thrombus formation (Buechler et al., 1994).  As such, RBC-

derived NO released into the plasma may inhibit platelet activity and thus contribute to 

intravascular bleeding observed during treatment for end-stage cardiac, and kidney failure with 

MCS (i.e., haemodialysis and ventricular assist device) (Jahann & Shami, 2017).  Therefore, 

given the ability of NO to regulate physiological and pathophysiological conditions within the 

circulatory system, identifying a dose-response of shear stress and NO production within the 

RBC is of clinical significance. 
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6.2 Methods 

6.2.1 Subjects and sampling 

Venous blood samples were collected from 15 healthy male donors (age: 27 ± 6 yr).  

Participants were free of known cardiovascular, metabolic, neurologic, and haematological 

disorders. Exclusion criteria included: i. cigarette smoking within the previous 12 mo; ii. use of 

medications known to alter blood fluidity and/or cardiovascular health (no participant was using 

any pharmacological agent).  Blood was collected, within 90 s of tourniquet application to the 

upper arm, from a prominent antecubital vein and anticoagulated with 

ethylenediaminetetraacetic acid (BD Vacutainer®; EDTA; 1.8 mg/ml-1). Written and witnessed 

informed consent was provided by each participant and the use of blood was consistent with 

The Code of Ethics of the World Medical Association (Declaration of Helsinki). The 

experimental procedures were reviewed and approved by the Griffith University Human 

Research Ethics Committee. 

 

6.2.2 Experimental Overview 

A subset of 6 samples were evaluated per subject in the present study which involved three 

phases: I) preparation of RBC with the NO molecular probe, 4,5-diaminofluorescein diacetate 

(DAF-FM DA); II) exposure to a specific magnitude of shear stress (i.e., 1, 5, 10, 35, 40, 100 

Pa) for 30 min utilising a counter-oscillating shear generator, and; III) visualisation and 

acquisition of fluorescence RBC-NO production during the exposure to shear. 

 

6.2.3 Preparation of red blood cells 

Following blood collection, whole blood was centrifuged at 1200 g for 10 min.  After which, 

the plasma and buffy white coat were removed, and the remaining packed RBC were re-

suspended in phosphate buffered saline (PBS; pH = 7.4, 287 mOsm).  To maximise removal of 

platelets, the RBC suspension was centrifuged at 1200 g for 5 min with the PBS subsequently 

removed.  Again, the remaining packed RBC were re-suspended in PBS before being 

centrifuged at 1200 g for 5 min.  Following removal of the PBS, 2 uL of packed RBC was re-

suspended in PBS solution containing DAF-FM DA (Final conc. = 4 µM).  The RBC suspension 
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was subsequently incubated at room temperature for 30 min in the dark.  Thereafter, the RBC 

suspension was centrifuged for 10 min at 600 g and the PBS was removed.  The remaining RBC 

pellet was then re-suspended with PBS and centrifuged another time for 5 min at 600 g for 

removal of any remaining DAF-FM DA within the suspending medium.  The RBC pellet was 

then re-suspended with polyvinylpropyline (PVP; pH 7.4 ± 0.05, 290 ± 5 mOsm, 36 ± 1 cP; ~ 

0.2% v/v).  

 

6.2.4 Shear stress system 

The counter-rotating shear generator developed by Watanabe et al. (under review) was used to 

expose several levels of uniform shear stresses to erythrocytes in this study.  The RBC 

suspension was loaded into a narrow flow field sandwiched by two transparent parts, an upper 

acrylic cone, and a lower glass plate with a diameter of 30 mm and thickness of 1.3 mm (Glass 

# 0050, Lot# 131105, Matsunami Glass Co. LTD).  Shear stress can be generated in the fluid 

by the counter-rotation of the upper cone and lower plate. The counter rotational motion is 

generated by a gear box integrated motor (BXM6200-A, Oriental motor Co. , Ltd)  through a 

timing belt and pulley system,  (Figure 12). In this experimental setup, the rotational speed of 

each cone and cup was accelerated 1.2 times that of the motor shaft.  The shear generator was 

mounted on the microscopic stage of inverted microscope (IX-73, Olympus, Japan) to allow 

for immediate visualisation of RBC following shear exposure.  From the rotational velocity, 

and geometrical features of the counter-oscillating shear generator, the shear rate was calculated 

(Equation 9). 

Equation 9. Calculation of shear rate within a custom-made shear generator 

�̇�(𝑠−1) = 1.2𝜋 ×
𝑁

15
/(tan 0.4) 

,where N is motor rotational speed [
𝑟𝑒𝑣

𝑚𝑖𝑛
].  From quantification of the shear rate, the shear stress 

(τ) was calculated (Equation 10). 

Equation 10. Calculation of shear stress applied to RBC from the custom-made shear generator 

𝜏 (𝑃𝑎/𝑠) = 𝜇 × �̇� 
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where µ = viscosity of the suspending medium in pascal/second (Pa/s), and γ̇ is the shear rate 

in inverse second (s-1).   

 

The two parameters required for the measurement of shear stress – suspending medium 

viscosity, and shear rate s-1 - are presented in Table 3.  The mean suspending medium viscosity 

was measured at 150 and 300 s-1 and then averaged, using a rotational cone-plate viscometer 

(0.5 DVII+ with CPE40 spindle, Brookfield Engineering Labs, Middleboro, MA) operated at 

room temperature (23.3 ± 1.4 °C).  The mean shear rate values required to obtain the discrete 

shear stress values of 1, 5, 10, 35, 40, and 100 Pa are also presented in Table 3. 

Table 3. Average viscosity and shear data utilised for the experimental protocol 

  Mean Std. 

error 

95% Confidence interval 

  Lower Upper 

PVP viscosity (mPa/s) 36 1 34 38 

1 Pa Shear stress (Pa) 1 0.04 1 1 

 Shear rate (s-1) 36 0.0 36 36 

5 Pa Shear stress (Pa) 5 0.1 5 5 

 Shear rate (s-1) 144 0.0 144 144 

10 Pa Shear stress (Pa) 10 0.09 10 10 

 Shear rate (s-1) 288 9 268 308 

35 Pa Shear stress (Pa) 35 0.07 35 35 

 Shear rate (s-1) 998 26 943 1053 

40 Pa Shear stress (Pa) 40 0.1 40 40 

 Shear rate (s-1) 1144 28 1085 1204 

100 Pa Shear stress (Pa) 100 0.08 100 100 

 Shear rate (s-1) 2850 75 2690 3010 

PVP – polyvinylpyrrolidone, mPa/s – millipascal per second, Pa – pascal, s-1 – inverse second.  
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Figure 12. Image of the counter-oscillating shear generating device used for application of 

shear stress in the experimental procedure 

 

6.2.5 Shear stress application to red blood cell suspensions 

An aliquot (100 µL) of the previously incubated RBC-PVP suspension was loaded into the 

counter-oscillating shear generator for the application of shear stress.  For the experimental 

protocol, a new aliquot of the RBC suspension was utilised for each discrete magnitude of shear 

stress (i.e., 1, 5, 10, 35, 40, 100 Pa) with the order of magnitude randomised.  Prior to starting 

the counter-oscillating shear generator, the RBC suspension was examined with a fluorescence 

objective (LUCPLFLN 40X/0.60) attached to an Olympus microscope (IX 73) coupled to a 

CMOS camera (optiMOS™ sCMOS; QImaging, QLD, AUS), and digital photos were obtained 

for each aliquot.  Afterward, the rotational velocity was adjusted to obtain the pertinent shear 

rate for the discrete magnitude of shear stress to be applied to the RBC suspension (e.g., 1, 5, 

…, 100 Pa).  The counter-oscillating shear generator was paused following 1, 5, and 15 min, 

and stopped after 30 min, for examination of the RBC suspension and acquisition of digital 

photos. 
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6.2.6 Detection of red blood cell nitric oxide production 

The molecular probe, DAF-FM DA, was utilised for the semi-quantification of RBC-derived 

NO production.  Incubation of RBC with DAF-FM DA allowed for the molecular probe to 

permeate into the RBC, with excess probe in the suspending medium removed via the 

centrifugal wash steps.  The 30-min incubation in PVP thereafter, allowed for the cleavage of 

DAF-FM DA by intracellular esterases to form the cell impermeable, DAF-FM.  The 

succeeding reaction of DAF-FM DA with NO and/or reactive nitrosating species provided 

formation of a fluorescent triazole, DAF-FM-T (λmax excitation 500 nm; λmax emission 515 nm).   

Subsequently, the RBC suspensions were excited (λ 494 nm) at discrete timepoints (i.e., 

baseline, 1, 5, 15, and 30 min) via a mercury vapor short arc lamp (X-Cite® 120Q, Excelitas 

Inc., USA) attached to the aforementioned IX-73 microscope and the emitted fluorescence (λ 

518 nm) captured via the attached digital CMOS camera.  As such, the extent of fluorescence 

intensity was considered indicative to the quantity of NO. 

 

6.2.7 Data analysis 

Initially, analysis of the digitally captured images was performed with the open-source, Java-

based image processing program, F.I.J.I (Fiji is just ImageJ, NIH).  Greyscale images were 

uploaded into the program and regions of interest were drawn around each of the RBC, and 

cell-free areas of the image.  The fluorescence intensity of each ROI was then analysed, and the 

cellular fluorescence quantified minus the mean background fluorescence intensity.  For each 

image taken from a participant at each timepoint, and magnitude of shear stress, the individual 

RBC’s fluorescence intensity, and background intensity, was evaluated by the ROUT method 

(Q = 1%), with any detected outliers subsequently removed.  Thereafter, the mean fluorescence 

intensity of RBC and background ROIs was calculated for each participant at each timepoint, 

and magnitude of shear stress. The influence of inter-subject variability was subsequently 

negated by normalising each participant’s data via calculation of the fold-change in mean 

fluorescence intensity of RBC and background ROIs (Equation 11). 

Equation 11. Normalisation of mean fluorescence intensity 

𝐹𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒 =  𝑀𝐹𝐼𝑛 𝑀𝐹𝐼0⁄  

where n = mean fluorescence intensity (MFI) for a given timepoint, and 0 = MFI at baseline.   
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6.2.8 Statistical analysis 

The data are reported as mean ± standard error, unless otherwise stated. For all measurements, 

a repeated measures two-way ANOVA test was used to determine whether significant 

differences in the means existed, and Bonferroni post-hoc test subsequently applied when 

examining multiple comparisons (Prism, GraphPad Software Inc, Release 7.02, USA).  

Significance was considered at alpha 0.05. 

 

6.3 Results 

6.3.1 Intracellular red blood cell nitric oxide production 

The fold-change in RBC-derived NO concentration following exposure to discrete magnitudes 

(1, 5, 10, 35, 40, and 100 Pa), and timepoints (0, 1, 5, 15, and 30 min) of shear stress are 

presented in Figure 13.  Exposure to 1 Pa significantly increased intracellular NO concentration 

after 15, and 30 min when compared to baseline (p < 0.05, p < 0.0001). Similarly, intracellular 

NO concentration was significantly increased with exposure to 5 Pa only after 15, and 30 min 

when compared to baseline (p < 0.001, p < 0.05).  Exposure to 10 Pa did not significantly 

increase intracellular NO concentration at any timepoint.  In contrast, exposure to 35 Pa 

significantly increased intracellular NO concentration after 5, 15, and 30 min when compared 

to baseline (p < 0.0001, p < 0.01, p < 0.0001).  The exposure of RBC to 40 Pa induced a 

significant increase of intracellular NO concentration following 5 min (p < 0.05), whilst all 

other timepoints were not significantly different when compared to baseline.  Likewise, 

intracellular NO concentration was significantly increased after 1 min of exposure to 100 Pa (p 

< 0.01), whilst all other timepoints were not significantly different when compared to baseline.  

Figure 14 depicts example fluorescence images of RBC following exposure to each magnitude 

and duration of shear stress. 
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Figure 13. Red blood cell intracellular fluorescence as an indicator of nitric oxide concentration 

following exposure to shear stress.  Data are clustered according to exposure magnitude (1, 5, 

10, 35, 40, and 100 Pa) and presented as fold-change from baseline ± standard error.  *, p < 

0.05 significantly different from baseline (t = 0 min).  **, p < 0.01 significantly different from 

baseline.  ***, p < 0.001 significantly different from baseline.  ****, p < 0.0001 significantly 

different from baseline. 
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Figure 14. Fluorescence images of activated red blood cell-derived nitric oxide synthase 

following exposure to shear stress exposed to discrete magnitudes (A – 1 Pa, B – 5 Pa, C – 10 

Pa, D - 35 Pa, E – 40 Pa, F – 100 Pa) and timepoints (1 – 1 min, 2 – 5 min, 3 – 15 min, 4 - 30 

min). 

 

6.3.2 Extracellular nitric oxide bioavailability 

The fold-change in extracellular fluorescence (i.e., the background ROI) was analysed and is 

depicted in Figure 15. At baseline (t = 0 min) and following 1 min of exposure to shear stress, 

there was no significant difference in extracellular fluorescence between any shear stress 

magnitude.  After 5, and 15 min of exposure to shear stress, the extracellular fluorescence was 

significantly increased at 100 Pa when compared to baseline (p < 0.0001).  Moreover, exposure 

to 30 min of shear stress significantly increased the extracellular fluorescence at 40, and 100 

Pa, when compared to baseline (p < 0.01, p < 0.0001). 
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Figure 15. Extracellular fluorescence as an indicator of nitric oxide concentration 

leaked/released from red blood cells following exposure to shear stress.  Data are clustered 

according to exposure magnitude (1, 5, 10, 35, 40, and 100 Pa) and presented as fold-change 

from baseline ± standard error.  **, p < 0.01 significantly different from baseline (t = 0 min).   

****, p < 0.0001 significantly different from baseline. 
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6.4 Discussion 

This study is the first to report the dose-dependent production of RBC-derived NO in response 

to discrete magnitudes and durations of shear stress exposure. The principal outcome observed 

in the current study was that the amount of RBC-derived NO produced via shear stress is 

dependent upon both shear stress magnitude and duration. Moreover, the target of RBC-derived 

NO may depend on the magnitude and duration of shear stress exposure, given that: i) 

intracellular fluorescence was significantly increased at lower magnitudes of shear stress; and 

ii) extracellular fluorescence was significantly increased at higher magnitudes of shear stress, 

for given time-points. These findings suggest: i) RBC-derived NO may be produced via RBC-

NOS at lower magnitudes of shear stress, and via nitrite reduction at higher magnitudes of shear 

stress; and ii) RBC either leak and/or release NO into the extracellular environment following 

exposure to higher magnitudes of shear stress. Overall, the current study demonstrates the 

capacity of RBC to produce NO when exposed to various magnitudes and durations of shear 

stress. 

 

Red blood cells are exposed to varying degrees of shear stress (1-7 Pa) as they traverse the 

arterial network of the circulatory system (Malek, Alper, et al., 1999).  The present study found 

that application of shear stresses at 1 and 5 Pa, typical of that observed within the human 

circulatory system (Papaioannou & Stefanadis, 2005), resulted in increased RBC-derived NO 

concentration.  These data are incongruent with previous work by (Ulker et al., 2009) who 

demonstrated NO did not significantly increase following exposure to 1 Pa for 30 min; albeit, 

under hypoxic conditions and utilising an electrochemical probe for the detection of NO.  Given 

that O2 is a primary substrate for the NOS-derived production of NO (Eligini et al., 2013; 

Forstermann & Sessa, 2012), it is plausible that a shear stress magnitude of 1 and 5 Pa under 

oxygenated conditions may increase RBC-NOS activity and subsequently NO concentration. 

The upper boundary of physiological shear stress observed within the microcirculation is 

approximated to be between 10-15 Pa (Koutsiaris et al., 2013; Papaioannou & Stefanadis, 

2005). The current study observed that intracellular NO concentration was not significantly 

increased with exposure to 10 Pa at any time-point (Figure 13). Likewise, no significant change  

in extracellular fluorescence was observed following exposure to 10 Pa at any time-point 

(Figure 15). As no previous studies have examined NO production within any cell type after 
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exposure to shear stress of this magnitude (i.e., 10 Pa), the mechanistic link for the current 

finding is unclear. It is possible that co-factors and/or co-substrates (e.g., L-arginine, NADPH) 

required for RBC-NOS dependent production of NO was depleted during exposure to a shear 

stress magnitude of 10 Pa. 

 

Recently, Simmonds and Meiselman (2016) identified the demarcating point of shear stress 

exposure at which RBC are functionally impaired, referred to as the ‘subhaemolytic threshold’.  

It was found that prolonged exposure to ~ 38.5 Pa was sufficient to impair RBC functionality 

(i.e., RBC deformability).  Given the ability of NO to enhance RBC deformability (Bor-

Kucukatay et al., 2003; Grau et al., 2013), the present study investigated RBC-derived NO 

production at shear magnitudes below (35 Pa) and above (40 Pa) the subhaemolytic threshold.  

Intracellular NO fluorescence was significantly increased following exposure to 35 Pa after 5, 

15, and 30 min (Figure 13; p < 0.01) with no significant difference in extracellular fluorescence 

(Figure 15).  When RBC were exposed to a shear stress magnitude just above the subhaemolytic 

threshold (i.e., 40 Pa), intracellular fluorescence was significantly increased after 5 min (Figure 

16; p < 0.05); however, intracellular fluorescence was not significantly different after 15 and 

30 min at 40 Pa. Additionally, the exposure of RBC to 40 Pa for 30 min significantly increased 

extracellular fluorescence (Figure 15). Given that the present study has indicated co-factors 

and/or substrates required for RBC-NOS dependent production of NO may be depleted during 

exposure to a shear stress magnitude of 10 Pa, it is possible that RBC exposure to shear stress 

outside of the physiological range may increase NO production independent of RBC-NOS 

Other mechanisms in which NO may be produced include the reduction of nitrite by 

haemoglobin, or xanthine oxidoreductase (Thomas, 2015), and release of S-nitrosothiols under 

hypoxic conditions (Simmonds, Detterich, et al., 2014). Given that (Dejam et al., 2005) 

identified RBC are the major storage site of nitrite in human blood, and the present study was 

performed in oxygenated conditions, it is likely the increased NO concentration may have been 

due to nitrite reduction stored within RBC. The increased extracellular fluorescence following 

exposure to 40 Pa for 30 min indicates that RBC-derived NO may have been released and/or 

leaked into the extracellular environment. This is consistent with previous studies that have 

indicated RBC  may develop pores following exposure to supra-physiological shear through 

which cellular contents may be leaked (Lubowitz et al., 1974; Sutera, 1977; Watanabe et al., 

2007). 
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When RBC were exposed to a supra-physiological shear well beyond the subhaemolytic 

threshold (i.e., 100 Pa), intracellular fluorescence was significantly increased after 1 min 

(Figure 13; p < 0.01) with no change at any other time-point, whereas extracellular  fluorescence 

was significantly increased after 5, 15, and 30 min (Figure 15; p < 0.0001). As such, it is likely 

pores developed in the RBC membrane due to an ‘over-stretch’ caused by the 

supraphysiological shear stress prior to RBC splitting and forming rigid, fragmented RBC 

(Sutera & Mehrjardi, 1975). Current MCS devices expose blood to a supra-physiological shear 

stress magnitude only as low as ~ 100-150 Pa (Selgrade & Truskey, 2012); thus, patients with 

circulatory assist devices may be prone to RBC leaking/releasing a substantial amount of NO 

into the extracellular environment. As NO mediates platelet activity via inhibition of calcium 

mobilisation (Buechler et al., 1994; Fitzgerald & Phillips, 1985; Geiger et al., 1994), it is 

possible RBC-derived NO that is leaked/released into the circulatory system following 

exposure to supra-physiological shear stress may contribute to the increased incidence of 

intravascular bleeding observed in patients being treated with continuous-flow MCS devices 

(Draper et al., 2014). 

 

6.4.1 Conclusion 

The primary findings from the present study include: i) the dose-response of RBC-derived NO 

production to shear stress; and ii) the leakage/release of NO into the extracellular milieu 

following exposure to supra-physiological shear stress (40 and 100 Pa). The clinical implication 

of these data are that patients undergoing surgical interventions, and those at risk of impaired 

tissue perfusion, may benefit from shear stress-mediated, RBC-derived NO production for the 

improvement of cellular mechanics and function. 
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Chapter 7 Study six 

Speed modulation of the HeartWare HVAD to assess in 

vitro haemocompatibility of pulsatile and continuous 

flow regimes in a rotary blood pump 

Chapter preface 

Rotary blood pumps (RBP) are essential for management of end-stage cardiac failure.  While 

RBP sustain life, continuous supra-physiological shear stress induces adverse effects such as 

thromboembolism; reintroduction of pulsatile flow in RBP has been suggested as a potential 

solution.  Pulsatile flow was introduced to the HeartWare HVAD and haemocompatibility 

biomarkers were directly compared between continuous and pulsatile flow.  This Chapter has 

been published in a peer-reviewed journal, Artificial Organs, by Horobin et al. (2018) and can 

be found at https://doi.org/10.1111/aor.13142  

https://doi.org/10.1111/aor.13142
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7.1 Introduction 

Rotary blood pumps (RBP) are key tools in the management of end-stage cardiac failure. While 

RBP sustain life, blood exposure to supra-physiological shear stress and/or interactions between 

biological and artificial materials may induce adverse effects.  The HeartWare HVAD 

(HeartWare Inc, Framingham, MA, USA) for example, is reported to induce up to 255 Pa of 

shear stress (Thamsen et al., 2015), while the upper limit of physiological shear stress 

approaches 15 Pa (Koutsiaris et al., 2013); blood damage and bleeding disorders are thus 

commonly reported (Meyer et al., 2010; Steinlechner et al., 2009; Stern et al., 2010). Indeed, 

one of the key patient-pump interactions in RBP is the delicate balance between the pro-

coagulant milieu predisposing thrombosis, and intravascular bleeding.   

 

Exposure to supra-physiological shear stress, even intermittently, may induce blood damage 

(Horobin et al.; Simmonds, Atac, et al., 2014).  An apparent indicator of overt blood damage is 

the progressive increase of free-haemoglobin in plasma (pfHb), which occurs due to red blood 

cell (RBC) destruction (i.e., haemolysis).  Although haemolysis in itself does not induce 

primary disorders, secondary effects potentially impact biocompatibility.  Haemolysis may 

lead, for example, to haemolytic anaemia, and decreased nitric oxide (NO) bioavailability that 

can subsequently increase platelet activity (Helms et al., 2013).  Once platelet activity is 

stimulated, platelet aggregates form which can adhere to the blood vessel wall and/or the RBP.  

Moreover, platelet aggregate adhesion may be promoted by the plasma glycoprotein, von 

Willebrand factor (vWf). Under high shear conditions, vWf unfolds (Schneider et al., 2007) 

and binding sites that mediate adhesion and aggregation of platelets are exposed (Lankhof et 

al., 1995; Satoh et al., 2000).  Increased platelet aggregation, and elevated vWf concentration 

are thus important haemocompatibility biomarkers used during development of RBP (Anderson 

et al., 1978; O'Brien, 1990; Steinlechner et al., 2009) that indicate thrombosis.   

 

On the other hand, recent evidence indicates that continuous flow RBP, such as the Heartmate 

II (Thoratec Corporation, Pleasanton, CA, USA), may induce intravascular bleeding due to the 

supra-physiological shear stress leading to proteolysis of vWf (Meyer et al., 2010; Zhang et al., 

2009).  Under these conditions, the plasma zinc metalloprotease ADAMTS13 cleaves vWf and 

reduces the size of the multimer, thus decreasing the haemostatic potential of vWf (Meyer et 

al., 2010; Zhang et al., 2009).  Subsequently, the challenge in maintaining the delicate balance 
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between the pro-coagulant milieu predisposing thrombosis, and intravascular bleeding, 

necessitates refined biomarkers to better define haemocompatibility of RBP. 

 

An intriguing biomarker for blood damage that may be identified prior to haemolysis is 

impaired cellular deformability of RBC (Horobin et al., 2017).  Despite RBC deformability 

being less frequently examined as a haemocompatibility biomarker, it is an important indicator 

of the RBC functional capacity to withstand shear stress, while haemolysis represents absolute 

tolerance to shear stress (Simmonds & Meiselman, 2016).  Likewise, a biomarker that may 

improve our understanding of the biological processes involved with intravascular bleeding is 

the bioavailability of NO.  U. M. Fischer et al. (2007) identified continuous flow 

cardiopulmonary bypass increased activity of the enzyme responsible for NO production – 

RBC-nitric oxide synthase (NOS) – and suggested RBC-derived NO may contribute to the 

vascular pool of NO.  Indeed, Ulker et al. (2013) demonstrated RBC release NO into the 

vasculature following shear stress activation of RBC-NOS.  Moreover, systemic bleeding time 

is decreased following NO inhibition (Simon et al., 1995). Subsequently, pathophysiological 

levels of NO production, following exposure to a mechanical circulatory support may 

contribute to the aetiology of bleeding associated with RBP.  Given that intravascular bleeding 

has been associated with continuous flow RBP, physiological pulsatile flow is being considered 

for re-introduction into RBP design for its potential to minimise the complications associated 

with continuous flow blood pumps (e.g., HeartMate 3).  Nevertheless, the benefits of pulsatile 

versus continuous flow regimes within RBP are heavily debated.   

 

When compared with older pulsatile RBP, the employment of continuous flow RBP has been 

associated with mixed outcomes, including increased incidence of bleeding and a decreased 

rate of thromboembolic events (Cheng et al., 2014; John & Lee, 2009; Slaughter et al., 2009).  

Caution should be employed, however, when comparing the effect of continuous and pulsatile 

flow regimes in RBP.  Slaughter et al. (Slaughter et al., 2009), for example, compared two 

different pumps (i.e., HeartMate XVE and HeartMate II) to examine flow regimes whereby 

confounding factors such as differences in blood contacting surfaces, inflow cannula design 

and size may have independently contributed to differences in the rate of thromboembolic 

events.  Indeed, 3rd generation continuous flow RBP with inherent pulsatility demonstrate 

similar rates of thromboembolic events when compared with continuous flow RBP (Krabatsch 

et al., 2017; Uriel et al., 2017). 
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Given that inherent differences in RBP design present a confounding factor when comparing 

pulsatile and with continuous flow, it is difficult to infer haemocompatibility of specific flow 

regimes. Thus, the present study aimed to evaluate the effect of pulsatility, versus continuous 

flow, on haemocompatibility markers using a consistent pump design – the HeartWare HVAD. 

Additionally, current and novel biomarkers of blood damage were assessed for continuous and 

pulsatile flow. 

 

7.2 Methods 

7.2.1 Subjects 

Seven healthy male volunteers (age: 29 ± 2 yr), provided written informed consent prior to 

participation.  Participants were free of known cardiovascular, metabolic, neurologic, and 

haematological disorders. Exclusion criteria included: i. cigarette smoking within the previous 

12 months; ii. use of medications known to alter blood viscosity and/or cardiovascular health 

(no participant was using any pharmacological agent).  Blood was collected from a prominent 

antecubital vein into 450 mL citrate phosphate dextrose adenine (CPDA-1) anticoagulant-

treated blood bags (T2118, Fresenius Kabi AG, Bad Homburg, Germany), after application of 

a tourniquet to the upper arm.  Afterwards heparin (0.4 U/mL; Pfizer Inc., NY, USA) was 

injected into the blood bag to further decrease the risk of thrombus formation from mechanical 

damage in the blood circulation loop (BCL), and from the interaction between blood and 

artificial surfaces (Hoshi et al., 2013).  The use of blood was consistent with The Code of Ethics 

of the World Medical Association (Declaration of Helsinki). The experimental procedures were 

reviewed and approved by the Human Research Ethics Committees of The Prince Charles 

Hospital, Chermside, Australia and Griffith University, Gold Coast, Australia. 

 

7.2.2 Experimental design & blood circulation setup 

Blood from each participant was distributed into two BCL, each with a HeartWare HVAD 

inline, to facilitate direct comparison of the two flow regimes (i.e., pulsatile or continuous) by 

mitigating inter-subject variances in blood cell fragility (Costa et al., 2008; Simmonds, Atac, et 

al., 2014).  Each BCL (length 1200 mm) comprised tubing ( 9.5 mm, Carmeda, Medtronic, 

MN, USA) connected to three reservoirs (R-38, Medtronic, MN, USA) via 9.525  9.525 mm 
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connectors (Intersept, Medtronic, Minneapolis, MN, USA), and a HeartWare HVAD (Figure 

16).  A vice-grip clamp provided an adjustable constriction in the tubing between the reservoirs 

to regulate resistance in the circuit and thus assist in the control of RBP differential pressure 

and flow rate (Q).  Resistance was applied over 150 mm length of tubing to minimise 

haemolysis caused by local restriction of the tubing. G-clamps were used on the two reservoirs 

proximal to the inlet of the RBP for finer adjustments of the pressure inside the BCL and to 

maintain consistent conditions following blood sample withdrawal from 9.525  9.525 mm 

connectors with luerlock-connector (Intersept, Medtronic, Minneapolis, MN, USA) and three-

way stopcocks (Discofix, B.Braun Melsungen AG, Melsungen, Germany) connected to the 

BCL.  Prior to blood infusion, the inner walls of the BCLs were pre-coated with albumin 

(AlbuRx® 5, CSL Behring, USA) and pressure sensors were zeroed against atmosphere. 

Subsequently, the BCLs filled with an isotonic, buffered intravenous crystalloid solution 

(Plasmalyte-148, Baxter, Deerfield, IL, USA) to reach a pressure of 8-10 mmHg.  Thereafter, 

the BCL were immersed in a temperature controlled water bath with an immersion recirculation 

heater set at 37±1°C.  Using a custom-built controller, the HeartWare HVAD generated a pump 

speed of 1600 rev/min to minimise RBC exposure to supra-physiological shear stress during 

priming of the BCL.   Subsequently, blood was infused into the BCL and purged of any air 

bubbles, to prevent blood-air interaction.  The first BCL was operated with fresh whole human 

blood within 30 min of donation followed by the second BCL being operated with fresh whole 

human blood 45 min later: BCL flow regime was randomised between first and second BCL 

for each trial.  Each loop was circulated for 5 h; thus, all measurements were completed within 

8 h of blood donation. 
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Figure 16. Image of the blood circulation loop.  RBP, rotary blood pump; Pout, outlet pressure 

monitor; SP, sampling port; R, reservoir; Q, flow meter; Res, resistance; Pin, inlet pressure 

monitor. 

 

7.2.3 Haemodynamics and data acquisition 

Each BCL was infused with fresh human blood (volume = 178 ± 7 mL) and was adjusted to 

either continuous (3282 rev/min) or pulsatile flow (3265 rev/min, amplitude = 430 rev/min, 

frequency = 1 Hz, waveform = sinusoidal) regimes.  The clamps were then utilised to adjust the 

resistance and attain normal haemodynamic parameters observed in the human adult including 

cardiac output (~ 5.0 L/min), mean arterial pressure (~ 90 mmHg), and systolic/diastolic 

pressures (~ 120/80 mmHg).  A baseline RBP flow rate (Q) of 5.0 ± 0.05 L/min was attained 

as an index of cardiac output and a RBP differential pressure (ΔP) of 90 mmHg for continuous 

flow, and 92 mmHg for pulsatile flow was attained as an index of mean arterial pressure (Table 

4).  An ultrasonic flow meter was utilised to monitor RBP Q (ME9PXL1153; Transonic 

Systems Inc., NY, USA), while inlet and outlet pressures were monitored with pressure 

transducers (PX181B- 015C5V; Omega Engineering, Stamford CT, USA).  All haemodynamic 

parameters were captured using a Labjack U3-HV USB data acquisition device (U3-HV; 

LabJack Corporation, CO, USA) and visualised using LabVIEW software (LabVIEW 2015; 

National Instruments Corporation, TX, USA). Data were recorded for 3 s post each blood 

sampling event while haemodynamics stabilised. 

RBP 
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R 

Q 

R 

R 

SP 

Pin 

Pout 
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Table 4. Haemodynamic parameters for pulsatile and continuous flow regimes of the Heartware 

HVAD 

 Pout 

(mmHg) 

ΔP 

(mmHg) 

SP 

(mmHg) 

DP 

(mmHg) 

Speed 

(rev/min) 

Frequency 

(Hz) 

Amplitude 

(rev/min) 

Q 

(L/min) 
CON 100 90 - - 3282 - - 5.0 

PULSE 100 92 121 80 3265 1 430 5.0 

CON – continuous flow regime parameters, PULSE – pulsatile flow regime parameters, Pout – outlet pressure, ΔP 

– differential pressure, SP – systolic pressure, DP – diastolic pressure, Q – flow rate, mmHg – millimetre of 

Mercury, rev/min – revolutions per minute, Hz - Hertz.  All data is presented as mean. 

 

7.2.4 Blood sampling 

A total of six samples was evaluated per loop for each participant in the present study.  Blood 

samples were collected from the sampling port downstream of the RBP outflow in the BCL at 

timepoints: 0, 15, 45, 90, 180, and 300 min.  Prior to each blood sample collection, a small 

volume of blood (~ 0.5 mL) was drawn from the sampling port and discarded to ensure the line 

was free of stagnant blood.  Immediately afterwards, 7 mL of blood was collected into a sterile 

10 mL syringe with ~ 4 mL transferred into a collecting tube containing 

ethylenediaminetetraacetic acid (BD Vacutainer®; EDTA; 1.8 mg/ml-1), and ~ 2.8 mL 

transferred into a collecting tube containing citrate (BD Vacutainer®; 0.109 M).  These aliquots 

were then used for the different blood analyses described below.  Following withdrawal of 

blood from the BCL, the resistances across the reservoirs were modulated to counteract the 

haemodynamic changes due to volume loss inside the BCL and to restore pressure and flow to 

baseline values. 

 

7.2.5 Measurement of platelet aggregation 

Platelet aggregation measurements were assessed on the Multiplate® analyser (Roche 

Diagnostics; Basel, Switzerland) within 15 min of collection from sample port.  The device has 

5 channels for parallel tests, and a single-use test cell with duplicate impedance sensors, each 

consisting of two straight electrode wires.  Preheated (37°C) saline (288 µl) was placed into 3 

test cells with the addition of citrate - anticoagulated whole blood (300 µl).  After 3 min of 
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incubation and stirring at 37°C, 12 µl of either adenosine diphosphate (ADP; 6.5 µM), collagen 

(3.2 µg), or ristocetin (0.77 mg/ml-1) was added to the 1:1 diluted blood in each test cell.  The 

agonist-induced impedance change (i.e., platelet aggregation) determined by each sensor was 

recorded independently and continuously over five min.  The increase of impedance due to the 

attachment of platelets to the electrodes was transformed separately to arbitrary aggregation 

units (AU) and plotted against time (AU * min).  Platelet aggregation was thus quantified as 

the area under the curve (AUC). 

 

7.2.6 Determination of vWf & ADAMTS13 concentration 

vWf concentration, and ADAMTS13 concentration were determined via enzyme-linked 

immunosorbent assays (ELISA).  An aliquot of blood was taken from samples collected into 

EDTA tubes and the plasma was separated via centrifugation.  A human vWf ELISA kit 

(ab108918, Abcam, Cambridge, UK) and human ADAMTS13 quantikine ELISA kit 

(DADT130, R&D Systems, Inc., Minneapolis, MN) was used for detection in plasma samples.  

The procedures were performed in accordance with the manufacturer’s protocols. 

 

7.2.7 Determination of haemolysis 

The Harboe assay was used for determining haemolysis (Harboe, 1959).  Briefly, dilute RBC 

suspensions were centrifuged at 1200 x g for 10 min.  The top half of the supernatant was added 

to 0.01% Na2CO3 (1:6) and the absorbance of each sample was measured at 380, 415 and 450 

nm using a spectrophotometer (BMG LABTECH GmbH, FLUOstar Omega, Ortenberg, 

Germany).  The pfHb was subsequently calculated from these absorbance levels using the 

Harboe method (Harboe, 1959) (Equation 12). 

Equation 12. Quantification of haemolysis 

𝑝𝑓𝐻𝑏 (
𝑚𝑔

𝑑𝐿
) = (

167.2𝐴𝑏𝑠415 − 83.6𝐴𝑏𝑠450  − 83.6𝐴𝑏𝑠380

10
) ×

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑁𝑎2𝐶𝑂3
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Additionally, an aliquot from each blood sample collected into the EDTA vacutainer was 

analysed using a haematology analyser (COULTER Ac·T diff™, Beckman Coulter, Brea, CA, 

USA) for measurement of haematocrit.  This allowed for determination of the haemolysis rate 

index (HRI) which was derived from the pfHb, haematocrit and loop volume (Equation 13). 

Equation 13. Calculation of the haemolysis rate index 

𝐻𝑅𝐼 (𝑔 ℎ𝑟⁄ ) =  
∆𝑝𝑓𝐻𝑏 × 𝑉 × (100 − 𝐻𝑐𝑡) 100⁄

𝑡
 

where V is total BCL volume, Hct is the blood haematocrit value (%), and t is the duration of 

the test when the sample was taken from the loop. 

 

7.2.8 Measurement of red blood cell deformability 

An aliquot from each blood sample collected into the EDTA vacutainer was used for the 

measurement of RBC deformability using an ektacytometer (Rheoscan-D200, Sewon 

Meditech. Inc., Seoul, Korea) operating at 37 ± 1°C.  Whole blood (6 μL) was suspended in 

600 μL of ~ 6% 360 kDa polyvinylpyrrolidone dissolved in 0.1 M phosphate buffered saline 

(30.0 ± 1.0 mPa/s, pH 7.38 ± 0.03, 285 ± 5 mOsmol/kg-1) and stored at 37 ± 1°C until analysis 

within 10 min.  Immediately prior to measurement, the RBC suspension was transferred into a 

parallel-plate flow channel (with a height of ∼200 μm) that was also stored at 37 ± 1°C.  A 

vacuum generating mechanism was connected to the parallel-plate flow channel, which allowed 

the RBC suspension to flow through the microchannel and stop once the differential pressure 

reached an equilibrium with the pressure head (Shin et al., 2007).  The differential pressure and 

the corresponding shear stress decreases exponentially over time allowing for the RBC 

suspension to be subjected to varied shear stresses ranging from 0 Pa to ∼25 Pa (Shin et al., 

2007).  As the RBC suspension flowed through the microchannel, a low-power laser beam 

projected through the microchannel, generated diffraction patterns that were captured by an 

integrated digital camera and analysed by fitting an ellipse to the image. An elongation index 

(EI) of the diffraction pattern was calculated using the following equation: EI = (a – b) / (a + 

b), where a is the length of the major axis and b is the length of the minor axis of the ellipse. 

Statistical modelling software (Prism®, GraphPad Software Inc, Release 7.02, USA) provided 

a non-linear curve fit to the raw EI data within the range of 1.0–25.0 Pa using the Lineweaver-
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Burk equation (Baskurt et al., 2009).  From the curve fit, discrete EI points (0.5, 1.0, 1.5, 3.0, 

5.0, 10.0, 15.0 and 20.0 Pa) were subsequently derived.  

 

7.2.9 Measurement of RBC-NOS activity 

The detection of RBC-NOS activity was performed utilising a horseradish peroxidase based  

immunohistochemical protocol that has been described previously (U. M. Fischer et al., 2007).  

Briefly, citrate-anticoagulated whole blood was smeared and subsequently heat-fixed onto a 

glass slide.  A wax border was made around each blood smear to separate between the ‘test’ 

area and negative control area.  The slides were rinsed with tris-buffered saline (TBS; pH 7.6), 

RBC were permeabilised with 0.1% trypsin, endogenous peroxidase activity was blocked with 

a solution of 2% hydrogen peroxide and 80% methanol/TBS, and RBC were subsequently 

treated with 3% milk powder in 0.1 M TBS to minimise non-specific binding.   The test area of 

each slide was incubated with a primary antibody, anti-phospho eNOS (Ser1177; Merck 

Millipore; MA, USA) in dilution buffer (1:200), while the control area was incubated with 

dilution buffer in the absence of the primary antibody.  A biotinylated goat anti-rabbit IgG 

secondary antibody (Vector Laboratories; CA, USA) was subsequently applied for 1 hour and 

the streptavidin-horseradish-peroxidase complex (E2886; Sigma-Aldrich, MO, USA) was 

applied for 30 min as a detection system. The staining was developed using 3,3-

diaminobenzidine-tetrahydrochloride solution in 0.1 M TBS. 

 

The intensity of immunostaining, representing the amount of RBC-NOS activity, was detected 

and captured using an inverted microscope (IX73; Olympus; Tokyo, Japan) coupled to a camera 

(optiMOS™ sCMOS; QImaging, QLD, AUS).  The digital photos were subsequently analysed 

using the software ‘‘F.I.J.I’’ (National Institutes of Health, Bethesda, Maryland, USA) 

(Schindelin et al., 2012; Schindelin et al., 2015).  The immunointensity data is reported as the 

mean RBC grey value minus background grey value, which was detected at a cell-free area of 

the slide. 
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7.2.10 Statistical analysis 

A two-way repeated measures ANOVA was run for each variable to determine the effect of 

flow condition (i.e., pulsatile or continuous) over time followed by Fisher’s Least Significant 

Difference post-hoc comparison test (IBM® SPSS®, Statistics 24.0, USA).  Significance was 

determined at an alpha of 0.05. Data is reported as mean ± standard error of the mean (SEM) 

unless otherwise stated. 

 

7.3 Results 

7.3.1 Platelet aggregation 

The mean AUC data for ADP-, Collagen-, and Ristocetin-induced platelet aggregation at 

discrete timepoints (45 min, 300 min) of pulsatile and continuous flow is depicted in Figure 17.  

The 0 min timepoint represents baseline aggregability of platelets. The AUC represents the area 

under the curve and is expressed as aggregation units (AU) by time in min (AUC*min). ADP-

induced platelet aggregation significantly decreased from baseline (t = 0 min) following 300 

min exposure to continuous and pulsatile flow regime (p < 0.05): continuous flow decreased 

from 665 ± 103 AU*min to 290 ± 59 AU*min, and pulsatile flow decreased from 458 ± 97 

AU*min to 271 ± 34 AU*min. Collagen-induced platelet aggregation significantly decreased 

following 300 min exposure in continuous and pulsatile flow conditions when compared to 

baseline (p < 0.01); continuous flow decreased from 456 ± 66 AU*min to 48 ± 19 AU*min, 

pulsatile flow decreased from 390 ± 88 AU*min to 39 ± 19 AU*min.  Whereas Ristocetin-

induced platelet aggregation significantly increased following 45 min (p < 0.01):  continuous 

flow increased from 415 ± 107 AU*min to 1089 ± 166 AU*min, and pulsatile flow increased 

from 311 ± 55 AU*min to 1066 ± 243 AU*min.  A significant decrease in Ristocetin-induced 

platelet aggregation following 300 min was observed when compared to Ristocetin-induced 

platelet aggregation post-45 min (p < 0.01): continuous flow decreased from 1089 ± 166 

AU*min to 319 ± 99 AU*min, and pulsatile flow decreased from 1066 ± 243 AU*min to 226 

± 69 AU*min.  There was no statistically significant difference in platelet aggregation between 

the two flow conditions for any of the agonists (p > 0.05). 
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Figure 17. Agonist-induced platelet aggregation measured at discrete timepoints (0, 45, 300 

min).  Data collected during pulsatile and continuous flow are clustered according to agonist 

(i.e., ADP, Collagen, or Ristocetin) and presented as separate columns. Data are mean ± SEM. 

*, significantly different to baseline (t = 0 min).  †, significantly different to 45 min.  P values 

provided in-text. 
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7.3.2 Von Willebrand factor 

The change in plasma vWf concentration during continuous and pulsatile flow is presented in 

Figure 18.  There was no significant difference in vWf concentration between flow conditions 

(p > 0.05), or time points (p > 0.05). 

 

 

Figure 18. Plasma protein von Willebrand factor (vWf) concentration measured at discrete 

timepoints (0, 45, 300 min).  Data collected during pulsatile and continuous flow are presented 

as separate columns. Data are mean ± SEM. Statistical significance is considered at an ɑ level 

of 0.05. 

 

7.3.3 ADAMTS13 

The change in plasma ADAMTS13 concentration during continuous and pulsatile flow through 

the HeartWare HVAD is presented in Figure 19.  Plasma ADAMTS13 concentration 

significantly decreased following 300 min exposure to continuous and pulsatile flow regimes 

(p < 0.05): pulsatile decreased from 11.1 ± 1.2 µg/mL at baseline to 9.0 ± 0.8 µg/mL, continuous 

decreased from 14.6 ± 2.6 µg/mL to 9.6 ± 2.5 µg/mL.  The main effect of flow condition showed 

that there was no statistically significant difference in ADAMTS13 concentration between 

pulsatile and continuous flow (p > 0.05). 
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Figure 19. Plasma protein ADAMTS13 concentration measured at discrete timepoints (0, 45, 

300 min).  Data collected during pulsatile and continuous flow are presented as separate 

columns. Data are mean ± SEM. Statistical significance is considered at an ɑ level of 0.05. *, 

significantly different to baseline (t = 0 min). 

 

7.3.4 Haemolysis 

Two indices for haemolysis (i.e., pfHb, and HRI) are presented in Figure 20.  There was no 

significant difference in pfHb concentration between pulsatile and continuous flow (p > 0.05); 

however, pfHb concentration significantly increased over time (p < 0.000).  Specifically, pfHb 

concentration significantly increased in the first 15 min (p < 0.05), and continued to increase at 

each timepoint thereafter (45 – 300 min, p < 0.01). Similar observations were made for the HRI 

(p < 0.05) with significant increases being detected following 15 – 300 min (p < 0.05) compared 

with baseline.  Flow condition did not affect HRI (p > 0.05). 
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Figure 20. Measurements of haemolysis at each time point (0, 15, 45, 90, 180, 300 min). Data 

are mean ± SEM. *, significantly different to baseline (t = 0 min). A: pfHb concentration 

collected during pulsatile and continuous flow are presented as separate curves. B: Haemolysis 

rate index (HRI) during pulsatile and continuous flow are presented as separate curves.  
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7.3.5 Red blood cell deformability 

Cellular deformability of RBC following exposure to HeartWare HVAD using continuous or 

pulsatile flow regimes is presented in Table 5.  The EI of RBC significantly differed following 

180 – 300 min exposure when compared to baseline (t = 0 min; p < 0.05) in the continuous flow 

regime, although no differences were observed for any timepoint in the pulsatile flow regime. 

Specifically, for the continuous flow regime: when RBC were subsequently exposed to low 

shear stress, cellular deformability (EI) was significantly increased after 180 min (measured at 

1 and 3 Pa) and also after 300 min (measured at 180 and 300 min).  

Table 5.  Red blood cell deformability measured at shear stresses between 0.5 and 20 Pa 

  

0 min (Baseline) 15 min 45 min 90 min 180 min 300 min 

EI at 0.5 Pa PULS 0.129 0.138 0.129 0.135 0.135 0.131 

 CON 0.127 0.127 0.132 0.130 0.134 0.133 

EI at 1 Pa PULS 0.211 0.220 0.212 0.219 0.220 0.214 

 CON 0.208 0.209 0.216 0.213 0.219* 0.217 

EI at 3 Pa PULS 0.368 0.371 0.369 0.377 0.378 0.373 

 CON 0.366 0.367 0.374 0.371 0.376* 0.376* 

EI at 5 Pa PULS 0.432 0.431 0.434 0.440 0.441 0.438 

 CON 0.430 0.434 0.438 0.435 0.440 0.441* 

EI at 10 Pa PULS 0.498 0.491 0.500 0.504 0.504 0.504 

 CON 0.597 0.502 0.503 0.501 0.503 0.507 

EI at 15 Pa PULS 0.524 0.516 0.526 0.529 0.530 0.531 

 CON 0.524 0.530 0.530 0.528 0.529 0.533 

EI at 20 Pa PULS 0.538 0.529 0.541 0.543 0.544 0.545 

 CON 0.538 0.546 0.544 0.542 0.543 0.548 

CON – continuous flow regime measurements, PULS – pulsatile flow regime measurements, EI – elongation 

index.  All data is presented as the mean. *, significantly different to baseline. 

 

7.3.6 RBC-NOS activity 

The activity of RBC-NOS activity at baseline and discrete timepoints (15, 300 min) is presented 

in Figure 21 and Figure 22.  RBC-NOS activity significantly increased from baseline (t = 0 
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min) following 300 min exposure to continuous and pulsatile flow regimes (p < 0.05): pulsatile 

flow increased from 13.2 ± 3.3 a.u. to 29.4 ± 4.0 a.u., continuous flow increased from 12.5 ± 

4.2 a.u. to 31.5 a.u.  The activity of RBC-NOS following 15 min exposure to pulsatile flow 

(12.3 ± 3.7 a.u.) was significantly lower when compared to both continuous and pulsatile flow 

regimes at 300 min (p < 0.05). 

 

Figure 21. Red blood cell nitric oxide synthase (RBC-NOS) activity measured at discrete 

timepoints (0, 15, 300 min).  RBC-NOS activity is presented as arbitrary units (a.u.) of 

immunointensity.  Data are mean ± SEM. Statistical significance is considered at an ɑ level of 

0.05. *, significantly different to baseline (t = 0 min). †, significantly different to pulsatile flow 

RBC-NOS activity at 15 min. 
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Figure 22. Images of phosphorylated red blood cell nitric oxide synthase.  Images taken 

throughout continuous and pulsatile flow regimes of phosphorylated red blood cell nitric oxide 

synthase (RBC-NOS; i.e., an indicator of RBC-NOS activity) at discrete timepoints (0, 15, 300 

min).  Increased intensity of stain indicates increased phosphorylation and thus RBC-NOS 

activity. 

 

 

Continuous – 0 min 

Continuous – 15 min 

Pulsatile – 0 min 

Pulsatile – 15 min 

Continuous – 300 min Pulsatile – 300 min 
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7.4 Discussion 

The principal aim of the current study was to provide a direct, like-for-like comparison, of 

haemocompatibility biomarkers measured under pulsatile and continuous regimes in a single 

RBP design; the HeartWare HVAD.  A custom controller for the HeartWare HVAD was 

utilised to induce pulsatile flow and facilitate a direct comparison between the two flow 

conditions.  The current study found routine biomarkers of haemocompatibility changed over 

time during circulation within the BCL; however, the nature of the observed changes did not 

fundamentally differ between pulsatile and continuous flow regimes.  Indeed, findings from 

previous studies that have observed differences in flow regimes, may actually reflect 

haemocompatibility differences in the different RBP  employed.  Furthermore, the present study 

found employing a sinusoidal waveform at a frequency of 1 Hz and amplitude of 430 rev/min 

for modulation of RBP speed to induce pulsatility, does not improve haemocompatibility of the 

HeartWare HVAD when examining novel biomarkers.   

 

Platelet activity and aggregation remains a primary biomarker of thrombosis when testing RBP.  

Platelet aggregation is centred on the activation of glycoprotein IIβ/IIIα (GP IIβ/IIIα); a receptor 

specific for adhesive molecules like fibrinogen and vWf, which can mediate cross-bridging of 

platelets (Plow & Ginsberg, 1989). Indeed, the platelet GP IIβ/IIIα plays a vital role in normal 

haemostasis and pathological thrombosis (Phillips et al., 1988).  The present study found that 

platelet aggregation induced by the agonists ADP, Collagen, and Ristocetin, was not 

significantly different during pulsatile flow when compared to continuous flow.  However, 

ADP- and Collagen-induced platelet aggregation was found to be significantly decreased during 

exposure time within the BCL for both flow regimes (p < 0.01; Figure 17).  The exposure of 

platelets to high shear environments and artificial materials typically stimulates activity and 

subsequently induces platelet aggregation (Holme et al., 1997; Shankaran et al., 2003).  As 

such, data from the present study supports the hypothesis that supra-physiological shear not 

only stimulates platelet activity, but paradoxically results in the shedding of platelet GP IIβ/IIIα 

(Z. Chen et al., 2015).  Indeed, Ristocetin-induced platelet aggregation was significantly 

increased following 45 min exposure time within the BCL (p < 0.05) before significantly 

decreasing following 300 min (p < 0.01; Figure 17).  Ristocetin forms complexes with vWf, 

and binds to the GPI receptor, a component of the GP Iβ-V-IX complex, to trigger platelet 
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activation and aggregation. The stability of platelet aggregates at high shear is dependent upon 

the binding of vWf to GP Iβ-IX-V (Bryckaert et al., 2015).  Based on current findings the 

stability of the platelet aggregates under high shear may equally be a product of GP Iβ-IX-V 

complex membrane stability in addition to the haemostatic potential of vWf.  Nevertheless, the 

decrease in Ristocetin-induced platelet aggregation following 300 min indicates the stability of 

platelet aggregates under high shear is eventually reduced, possibly due to delayed-onset 

shedding of the GP Iβ-IX-V complex.  This data supports recent studies that have investigated 

time courses for blood-device interactions (Genovese et al., 2009; Ledford et al., 2012; Shah et 

al., 2013): intravascular bleeding incidences are likely to occur following 45 min, acute 

catastrophic thrombi are likely to form within 300 min, and the development of insidious 

thrombi may be the result of platelet/protein adaptation to the high shear environment. 

 

The present study found plasma vWf concentration did not significantly differ over time or 

between flow regimes (Figure 18).  Given that both platelet-derived and endothelial-derived 

vWf are important for the control of bleeding events that occur when blood traverses RBP  

(Kanaji et al., 2012), it is plausible vWf, stored in the ɑ-granules of platelets (Sporn et al., 1985), 

may have been released to increase platelet aggregation, but did not provide adequate 

haemostatic capability without endothelial-derived vWf. 

 

Another primary biomarker for the haemocompatibility of RBP is the proteolytic enzyme 

ADAMTS13, a metalloprotease secreted by the liver (Levy et al., 2001).  As vWf unfolds from 

its globular form during exposure to supra-physiological shear stress, a binding site for 

ADAMTS13 is exposed allowing for the cleavage of vWf, thus decreasing its haemostatic 

potential (Lankhof et al., 1995; Schneider et al., 2007).  The present study found ADAMTS13 

concentration significantly decreased with time (Figure 19) in both flow regimes (p < 0.05) 

with no observable difference between flow regimes.  Lu et al. (2015) reported that bilirubin, a 

breakdown product of Haem, may bind and inactivate ADAMTS13.  Given the increased 

incidence of haemolysis observed in the present study, it is plausible the subsequent breakdown 

of haemoglobin may have increased bilirubin, which subsequently increased the likelihood for 

binding to ADAMTS13: the binding of bilirubin to ADAMTS13 may thus have limited our 

immunoassay detection method through limiting accessibility to specific binding sites.  
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Moreover, given that the present study discerned a potential time course for acute catastrophic 

thrombi, and intravascular bleeding incidences, it is plausible that a decrease in ADAMTS13 

activity, due to the inhibitory effect of bilirubin, may precipitate insidious arterial thrombosis.  

Therefore, it would appear that flow regime has little influence on thrombosis formation, but 

instead may be dependent on haemolysis severity. 

 

Haemolysis has been found to be an ‘early-stage’ indicator of thrombosis and thus represents 

an important haemocompatibility biomarker for the development of RBP (Akin et al., 2016).   

Similar to previous studies that introduced speed modulation into a VAD (M. Ando et al., 2011; 

Kishimoto et al., 2014), the present study found no significant difference in the amount of 

haemolysis between continuous and pulsatile flow regimes; however, haemolysis increased 

significantly following 15 min in both flow regimes and continued to rise over the entire 5-hour 

study duration (Figure 20; p < 0.01).  These results indicate haemolysis occurs in RBP despite 

inducing a shear stress below the “haemolytic threshold” (Paul et al., 2003).  Certainly,  

Stepanenko et al. (2011) observed a significant increase in haemolysis in patients implanted 

with the HeartWare HVAD, albeit following 6 months implantation.  However, mechanical 

damage to RBC is the product of exposure duration and magnitude of shear stress, and the 

relaxation time for blood cells.  Therefore, the advanced haemolysis time-course observed in 

the current study when compared to Stepanenko et al. (2011) is likely due to the frequency of 

high shear exposure within the BCL.  Nevertheless, the endeavour to develop RBP that induce 

a shear stress magnitude below 400 Pa may not be adequate (Giridharan et al., 2011).  Indeed, 

current evidence indicates repeated exposure to supra-physiological shear stress below the 

haemolytic threshold with a duty-cycle representative of RBP does in fact induce haemolysis 

(Horobin et al., 2017).  As such, the accuracy of haemolysis as an ‘early-stage’ biomarker is 

problematic. 

 

A promising biomarker for haemocompatibility is RBC deformability given that impairments 

have been observed prior to overt haemolysis following exposure to supra-physiological shear 

stress (Horobin et al., 2017).  The current study observed a paradoxical “improvement” in RBC 

deformability during continuous exposure to the HeartWare HVAD Table 5; p < 0.05); 

however, similar findings have been suggested to occur secondary to a “filtering” effect of rigid 
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and fragile cells due to haemolysis (Simmonds & Meiselman, 2016).  Thus, while exposure to 

the continuous flow regime in the HeartWare HVAD superficially appeared to “improve” RBC 

deformability, it is likely the supra-physiological shear stress exposure from the RBP induced 

significant blood trauma to cause haemolysis.  Moreover, given that no observable difference 

was observed during the pulsatile flow regime, it is considered the near-constant exposure to 

supra-physiological shear stress during the continuous flow regime, when compared to the 

pulsatile flow regime, may have initiated biochemical processes that alter the deformability of 

RBC, specifically RBC-NOS activity and NO (Grau et al., 2013; Yerer et al., 2004). 

 

The current study found the activity of RBC-NOS, an endothelial NOS isoform, significantly 

increased in both flow regimes with increased exposure time (Figure 21, Figure 22; p < 0.05); 

however, the time-course of increased enzymatic activity was significantly different between 

the two flow regimes as RBC-NOS activity reached an asymptote following 15 min of 

continuous flow, and RBC-NOS activity only reached an asymptote following 300 min of 

pulsatile flow (p < 0.05; Figure 21, Figure 22).   These results are similar to previous studies 

that have demonstrated the rate of NO production from endothelial NOS increases during 

exposure to pulsatile flow (Casey et al., 2001; Griffith, 2000; Kuchan & Frangos, 1994; Malek, 

Izumo, et al., 1999; Nakano et al., 2000).  Furthermore, Kuchan and Frangos (1994) identified 

a rapid onset of shear induces a burst of NO production before NO production stabilises with 

sustained exposure.  Although excessive generation of NO may impair RBC deformability as 

the delicate balance of NO to reactive species (e.g., superoxide) is perturbed (Yerer et al., 2004), 

nitrosylation of cytoskeletal proteins ɑ- and β-spectrin within the RBC membrane has also been 

demonstrated to increase RBC membrane compliance (Grau et al., 2013).  Subsequently, the 

present findings indicate the continuous flow regime induced a burst in RBC-NOS activity that 

improved RBC deformability within the non-rigid sub-population of RBC (Figure 21, Figure 

22), while the pulsatile flow regime increased the rate of RBC-NOS activity without inducing 

a burst of NO production nor increase in RBC deformability. Nevertheless, maintenance of the 

NO reactive species ratio during fluctuations in RBC-NOS activity is essential for avoidance 

of lipid peroxidation.  The importance of this finding should not be understated given that 

delineating the mechanisms of RBC-NOS activation may help enhance RBC deformability, and 

avoid oxidative stress and haemolysis.  Indeed, findings from the present study necessitate 

further investigations that employ a direct, like-for-like comparison, of haemocompatibility 
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biomarkers measured under pulsatile and continuous regimes.  Specifically, examination of the 

parameters of pulsatility (e.g., pulse frequency, wave amplitude, and waveform) when 

compared with a continuous flow regime within a single RBP will allow for conclusive 

evidence on the benefits of pulsatile flow. 

 

7.4.1 Conclusion 

The current study found no significant difference in any of the current routine 

haemocompatibility biomarkers (i.e., haemolysis, platelet aggregation, vWf and ADAMTS13 

concentrations) between the pulsatile and continuous flow regimes, indicating differences in 

flow regimes previously reported may reflect differences in the various RBP designs, rather 

than the specific flow regimes employed.  Nonetheless, the novel biomarker, RBC-NOS 

activity, was found to differ between flow regimes: the continuous flow regime induced a burst 

of RBC-NOS activity when compared to the pulsatile flow regime that may have subsequently 

potentiated RBC deformability.  Furthermore, the current study highlights potential time 

courses behind bleeding events and thrombi formation observed in current generation RBP.  

Utilising biomarkers that are routine (i.e., haemolysis and ADAMTS13 concentration) and 

novel (i.e., RBC deformability and RBC-NOS activity), the current study provided evidence 

that current generation RBP expose blood to supra-physiological shear stress that induce 

mechanical damage, including haemolysis, despite peak shear stresses being below the 

“haemolytic threshold”. 
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Chapter 8 Conclusions 

8.1 Summary of the findings 

Shear stress is an important force within the vasculature that stimulates vascular processes, 

including haemorheological properties of red blood cells (RBC), plasma protein-protein 

interactions, haemostasis, and biochemical responses within the blood cells.  These processes 

are regulated by changes in the magnitude, duration, and frequency of shear stress blood cells 

are exposed to whilst traversing the haemodynamic continuum.  However, blood cells may be 

exposed to shear stress outside of the physiological range whilst traversing mechanical 

circulatory support devices.  As such, the present thesis has demonstrated the following in 

response to physiological, subhaemolytic, and supra-physiological shear stress: (1) alterations 

in RBC deformability; (2) changes in von Willebrand factor (vWf) and ADAMTS13 

concentrations; (3) alterations in platelet aggregation; and (4) biochemical responses of RBC 

including nitric oxide (NO) production and RBC-nitric oxide synthase (NOS) activity.   

 

Investigation of the impact of shear stress magnitude and duration within the physiological and 

supra-physiological domains, provides evidence of functional changes in RBC (i.e., RBC 

deformability) without any haemolysis observed.  The response of RBC to the discrete 

magnitudes and durations of shear stress is considered the result of underlying biochemical 

mechanisms such as NO production, and provide further evidence of a subhaemolytic threshold, 

as identified by use of the predictive model of RBC mechanical sensitivity (MS) designed by 

Simmonds and Meiselman (2016).  Examination of the subhaemolytic threshold (SHT) using 

the predictive model of RBC MS to a greater degree in Study Two indicates that RBC have 

differing mechanical responses to supra-physiological shear stress applied below and above the 

SHT, providing further evidence of the robustness of the RBC MS predictive model.  

Specifically, RBC MS was improved following exposure to shear stress below the SHT, and  

was impaired following exposure to shear stress above the SHT.   
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Following on from the examination of shear stress magnitude and duration in Studies One and 

Two, the effect of ‘frequency’, and ‘relaxation time’ was investigated in Study Three.  The 

experimental protocol employed in Study Three, representative of a ventricular assist device, 

demonstrated functional impairments in RBC prior to overt haemolysis, and provides evidence 

of haemolysis despite the shear stress magnitude being below the haemolytic threshold. 

 

To identify any underlying biochemical processes responsible for changes in RBC 

deformability, Studies Four and Five investigated the dose-response of shear stress within the 

physiological and supra-physiological domains, including NO production and RBC-NOS 

activity.  Study Four demonstrated RBC-NOS activity was modulated via shear stress in a non-

linear manner within the subhaemolytic domain and differs for a given magnitude and duration 

of shear stress exposure.  Study Five highlighted an expedited and prolonged production of 

RBC-derived NO following exposure to supra-physiological shear stress below the 

subhaemolytic threshold.  Moreover, the observation of NO released into the extracellular 

environment following exposure to supra-physiological shear stress above the subhaemolytic 

threshold provides evidence, indirectly, of micropores forming in RBC from which NO and 

other cellular contents (e.g., haemoglobin) may leak.  As such, the large quantity of NO leaking 

into the extracellular environment would likely have a significant impact in vivo on vascular 

tone, given the vasodilatory effect of NO.  Improvement of RBC deformability, via shear stress-

induced activation of RBC-derived NO production, could present a novel therapeutic target for 

RBC traversing high shear artificial environments (e.g., ventricular assist devices, 

cardiopulmonary bypass) – this facet was addressed, to some extent, in Study Six 

 

Study Six analysed speed modulation of the HeartWare HVAD in an in vitro model and found 

RBC-NOS activity differed between flow regimes (i.e., pulsatile or continuous).  The 

continuous flow regime induced a continuous exposure of supra-physiological stress that 

resulted in a burst of RBC-NOS activity when compared to the pulsatile flow regime.  

Subsequently, the burst of RBC-NOS activity may have potentiated RBC deformability given 

the rheological results from Study Six.  In contrast, current routine biomarkers of mechanical 

circulatory support (MCS) device haemocompatibility demonstrate no observable difference 
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between flow regimes, thus demonstrating the sensitivity of RBC deformability and RBC-NOS 

activity as potential ‘up-stream’ biomarkers. 

 

Underlining the findings of each individual chapter was that shear stress regulates 

haemorheological processes via mechanotransduction, and thus changes in the force applied to 

blood cells translates into differing biochemical and biological responses.  Moreover, the 

biochemical and biological process responses differ not just with changes in the magnitude of 

applied force, but also duration, frequency, and relaxation time. 

 

8.2 Specific challenges 

It was my experience that the development of an ‘in-house’ protocol (i.e., immunofluorescence 

detection of RBC-NOS) proved much more difficult than expected.  Multiple adjustments to 

the protocol were made during pilot testing (refer to Chapter 9) with little success.  Moreover, 

due to the length of the protocol (i.e., ~ 3 days), each optimisation effectively took 1 week; 

subsequently, the first year of my candidature proceeded with little output and much rapidity.  

Nevertheless, I believe the optimisation period provided me with a greater understanding of 

intricacies associated with the protocol than I otherwise would have gained by having 

immediate success.  Additionally, I believe the process developed my scientific mentality and 

practices, whereby I approached other studies undertaken throughout my candidature with a 

methodical and meticulous approach; subsequently, making me a better scientist. 

 

Another specific challenge that I faced throughout my candidature was the method/device 

required for which to apply shear stress to cells.  Each study had various requirements including: 

1) suspension of cells in a Newtonian fluid for accurate application of shear stress; 2) a device 

with the ability to apply supra-physiological shear stress to cells; 3) a device that allowed for 

the immediate visualisation of intracellular fluorescence via microscopy; and 4) ability to 

remove aliquots of blood samples at different timepoints without influencing any variables 

associated with the application of shear stress.  Consequently, multiple methods were adopted 
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and had to be individually optimised for each study.  Whilst this increased optimisation time of 

different studies, it was my pleasure that this also allowed for me to develop collaborations with 

engineers from the engineering department at Griffith University, the Shibaura Institute of 

Technology in Japan, and the Innovative Cardiovascular Engineering and Technology Lab in 

Brisbane. 

 

8.3 Future directions 

The findings of the present thesis (in combination with other studies in the literature) 

demonstrates that a pre-conditioning shear stress not only influences haemorheological 

responses of RBC, but reveals some of the underlying biochemical processes as well (McNamee 

et al., 2017; McNamee, Tansley, et al., 2016; Simmonds, Atac, et al., 2014; Simmonds & 

Meiselman, 2016).  As the methodological issues detailed in section 8.2 have now been 

overcome, the undertaking of follow-up studies to further assess the haemocompatibility of 

MCS devices would be beneficial.  For example, an investigation of the haemocompatibility of 

a MCS device using stored blood.  Patients who undergo cardiac surgery for the implantation 

of a ventricular assist device receive a substantial supply of blood transfusion.  Given that blood 

storage is known to be associated with decreased RBC deformability, and increased haemolysis, 

it is possible that patients receiving MCS devices during cardiac surgery are more susceptible 

to subhaemolytic and haemolytic damage due to the supra-physiological shear stress in 

conjunction with blood transfusion (Bennett-Guerrero et al., 2007; Cluitmans et al., 2012).   

 

Also, the investigation into the effects of supra-physiological shear stress within the 

subhaemolytic and haemolytic domains on the haemorheological and biochemical properties 

other blood cell populations is of scientific and clinical interest.  A primary complication of 

MCS devices is intravascular bleeding, and given the findings from Chapter 7, whereby platelet 

aggregate stability was reduced following exposure to a high shear environment, it is likely the 

haemorheological properties of platelets are likewise impaired following exposure to supra-

physiological shear stress.  As such, identification of a ‘subhaemolytic’ threshold for platelets 

would be valuable for identifying the shear stress magnitude and duration that functionally 

impairs platelets, and subsequently investigate the effects of supra-physiological shear stress 
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below such a threshold.  Likewise, white blood cells (WBC) are susceptible to mechanical 

damage when exposed to supra-physiological shear stress (Takami et al., 1997).  Given that a 

primary complication for the haemocompatibility of MCS devices is device-related infections 

(Maniar et al., 2011; Simmonds et al., 2017), examining the effects of shear stress within the 

supra-physiological and physiological domains may help to identify if WBC function is 

impacted.  Furthermore, since shear damage to RBC may lead to the leakage of NO from RBC 

into the extracellular environment, it is possible that WBC, which Cortese-Krott et al. (2012) 

demonstrated also form NO intracellularly, may leak NO during exposure to high shear in a 

similar manner.  Thus, further studies into the dose-response of shear stress induced NO 

production in other blood cell populations may shed some light on the processes that lead to the 

host of complications associated with MCS devices.  Nevertheless, other haemodynamic forces 

found within the circulatory system (e.g., extensional stress) also contribute to rheological 

responses and the occurrence of haemolysis (Down et al., 2011; Sousa et al., 2018).  As such, 

future studies aimed at investigating these forces across the physiological and supra-

physiological domains will also help to characterise the rheological response of blood cells that 

traverse MCS devices. 

 

8.4 Conclusion 

The findings of the present thesis provides a solid foundational assessment of mechanical 

damage to RBC for the improved development of novel MCS devices via minimisation of  

haemorheological damage. Consequently, the findings of this thesis are timely given the current 

‘supply-and-demand’ issue of available organs for transplant facing clinicians treating end-

stage heart, lung and kidney failure patients, and the complications that persist with current 

MCS devices which ultimately decreases life quality and expectancy of recipients. 

Based on the findings presented in this thesis, I support the notion that shear stress outside of 

the physiological range may not always be detrimental, provided it is below the 

subhaemolytic threshold.  I support the notion that the enzyme RBC-NOS is activated via 

shear stress, and that RBC-derived NO has both extracellular and intracellular functions.  For 

widespread utilisation of MCS devices, and therefore substantial improvements in cost, and 

patient outcomes, however, I suggest increased focus on minimising complications that arise 
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from these devices during the  development and design.  With respect to the latter, research 

focussed on characterising and understanding the mechanisms underpinning subhaemolytic 

damage to RBC and, potentially other blood cell populations, may be of benefit. 
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Chapter 9 Research 

methodology 

A detailed explanation of key methods 

Chapter preface 

This Chapter describes in detail the validation of a key protocol employed throughout the thesis; 

that is, the spectrophotometric detection of haemoglobin using the Harboe method.  

Additionally, development of a key ‘in-house’ protocol that contributed significantly to this 

thesis is detailed; that is, the immunofluorescence detection of the enzyme, red blood cell-nitric 

oxide synthase. 
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9.1 Measurement of free haemoglobin in plasma as an indicator of 

haemolysis using spectrophotometry 

9.1.1 Background 

Ventricular assist devices assist in the treatment of end-stage heart failure and thus help to 

sustain life; however, adverse effects are still observed due to the supra-physiological shear 

stress from the ventricular assist device causing blood damage.  Subsequently, the 

haemocompatibility of ventricular assist devices is evaluated, in part, by the extent to which 

blood is damaged.  An apparent indicator of blood damage is the amount of haemoglobin leaked 

into the plasma (i.e., haemolysis) from either: (a) micropores that have formed in damaged red 

blood cells (RBC); and/or (b) complete destruction of RBC (Simmonds et al., 2017).  Whilst 

overt haemolysis is easily visualised (Figure 23), the secondary effects of haemolysis including 

haemolytic anaemia, decreased nitric oxide bioavailability, increased platelet activity and 

aggregation (Helms et al., 2013), necessitates enhanced sensitivity for the monitoring of 

haemolysis.   

 

Figure 23. Depiction of intensifying colour change that occurs in plasma with increased 

haemolysis due to release of haemoglobin from red blood cells.  Adapted from Simmonds et 

al. (2017) 
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There are two primary methodologies for the detection of haemoglobin within plasma: (1) direct 

spectrophotometric measurement of the optical density of haemoglobin at specific wavelengths; 

and (2) indirect spectrophotometric measurement of the chromogenic oxidation of haemoglobin 

via addition of carcinogenic chemicals (Chan et al., 2012).  An example of the direct 

spectrophotometric measurement of haemoglobin is the ‘Harboe’ method, so named after the 

author that first published the method in 1959 (Harboe, 1959).  Given the safety of the Harboe 

method (i.e., a method without the use of carcinogens), and its widespread utilisation for the 

evaluation of ventricular assist devices to induce haemolysis, the present thesis utilised the 

Harboe method throughout several studies.  Nevertheless, several studies have indicated results 

may vary depending on the concentration of the plasma diluent in which the plasma sample is 

diluted, particularly when haemoglobin is at a concentration of less than 5 mg/dL (Fairbanks et 

al., 1992; Harboe, 1959).  Subsequently, an optimisation study of the Harboe method was 

performed. 

 

9.1.2 Methods 

9.1.2.1 Experimental Overview 

Optimisation of the Harboe method for the detection of free-haemoglobin in plasma (pfHb) 

involved three phases: (1) development of a haemoglobin standard curve from known standard 

concentrations of human haemoglobin; (2) application of supra-physiological shear stress to 

whole blood to induce haemolysis; and (3) measurement of pfHb from samples exposed to 

supra-physiological shear stress. 

 

9.1.2.2 Development of a haemoglobin standard curve 

To validate the detection of Hb at low concentrations, a standard curve was generated to 

compare ‘expected Hb concentration’ versus ‘actual Hb concentration’ using 

spectrophotometry.  Commercially available human Hb (20 mg/mL; H7379, Sigma-Aldrich, 

USA) was dissolved in water at a stock concentration of 400 mg/dL by adding 16 mg human 

Hb to 20 mL water.  Serial dilutions were made (Table 6) and quantified using the Harboe 

method without the use of the ‘Allen Correction’, that is employed to account for interfering 

substances in plasma (Harboe, 1959).  A standard curve was generated from the concentration 
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of the dilutions of Hb standard, and the concentration of the dilutions of Hb standard calculated 

utilising the Harboe method (Figure 24).  Goodness of fit of the model was assessed by 

analysing ‘R square’. 

Table 6. Serial dilution from stock solution (400 mg/dL) of human haemoglobin for 

construction of a standard curve 

Sample Vol. dissolved Hb (mL) Volume of H20 (mL) Final Conc. (mg/dL) 

1 1.6 (stock) 3.4 128 

2 2.5 (sample 1) 2.5 64 

3 2.5 (sample 2) 2.5 32 

4 2.5 (sample 3) 2.5 16 

5 2.5 (sample 4) 2.5 8 

6 2.5 (sample 5) 2.5 4 

7 2.5 (sample 6) 2.5 2 

8 2.5 (sample 7) 2.5 1 

Hb – haemoglobin, mL –millilitre, mg/dL – milligram per decilitre. 

 
 

9.1.2.3 Application of supra-physiological shear stress to whole blood 

Whole blood, collected from healthy male donors was anti-coagulated with di-potassium 

ethylenediaminetetraacetic acid (K2-EDTA; 1.8 mg/mL of blood), and inverted several times.  

A custom modified syringe pump (Pilot A2 Syringe Pump, Fresenius Kabi AG, Bad Homburg, 

Germany) was utilised to pump blood from a syringe through a 1 m linear segment of 200 µm 

inner diameter polyethylene tubing.  Subsequently, whole blood was exposed to a supra-

physiological shear stress of 69.4 Pa, and at a flow rate of 0.69 mL/min.  This was repeated 5 

times.  Samples were collected at the end of the 1st, 3rd and 5th pass.  Additionally, a whole 

blood sample not exposed to the supra-physiological shear stress was examined for baseline 

pfHb.  Afterward, samples were centrifuged at 1200 x g for 10 min.  The top half of the 

supernatant was added to 0.01% Na2CO3 (1:6) and the absorbance of each sample was measured 

at 380, 415 and 450 nm using a spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan).  

The pfHb was subsequently calculated from these absorbances using the Harboe method 

(Harboe, 1959) (Equation 14). 
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Equation 14. Quantification of haemolysis using the Harboe method 

𝑝𝑓𝐻𝑏 (
𝑚𝑔

𝑑𝐿
) = (

167.2𝐴𝑏𝑠415 − 83.6𝐴𝑏𝑠450  − 83.6𝐴𝑏𝑠380

10
) ×

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑁𝑎2𝐶𝑂3
 

 

9.1.3 Results 

9.1.3.1 Haemoglobin standard curve 

Validation of the Harboe method via assessment of the standard curve (Figure 24), indicated a 

highly linear relationship (r2 = 1), thus reflecting that the Harboe calculation of free 

haemoglobin in plasma concentration via absorbance measurements, follows the known 

concentrations of free haemoglobin in plasma. 

 

 

Figure 24. Standard curve of haemoglobin. 
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9.1.3.2 Free haemoglobin in plasma following application of shear stress 

A single pass through the tubing at a flow rate that induced supra-physiological shear stress, 

demonstrated no significant change in pfHb when compared to baseline.  However, there was 

a significant increase in pfHb following 3 and 5 passes through the artificial flow system when 

compared to baseline pfHb (p < 0.0001, Figure 25). 
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Figure 25. Free haemoglobin in plasma measured at rest, and following 1, 3 and 5 passes 

through an artificial flow system.  Data are mean ± SEM, n = 14.  ***p < 0.001 significantly 

different from baseline. 

 

9.1.4 Discussion 

The primary findings of this optimisation study include: (1), validation of the Harboe method 

as an accurate measurement of pfHb (Figure 24); and (2), supra-physiological shear stress 

increased pfHb from native plasma when compared to baseline (Figure 25).  This optimisation 

study supports previous research that has utilised the Harboe method for detection of pfHb as 

an index of haemolysis (Chan et al., 2012; Cookson et al., 2004; Han et al., 2010; Harboe, 

1959).  This optimisation study employed a sodium carbonate dilution of 0.01% as utilised by 

Harboe (1959) due to utilising EDTA as an anti-coagulant. 
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9.2 Development of an immunofluorescence protocol for the detection and 

quantitative comparison of red blood cell nitric oxide synthase activity 

9.2.1 Background 

Investigations into the activity of RBC-NOS have primarily utilised an avidin-biotin complex 

(ABC) immunohistochemical method (Cortese-Krott et al., 2012; Grau et al., 2015; Grau et al., 

2013; Kleinbongard et al., 2006; Suhr et al., 2012; Suhr et al., 2009).  The ABC method provides 

increased sensitivity due to the Avidin glycoprotein having 4 binding sites per molecule for the 

vitamin Biotin (Hsu & Raine, 1981) and thus provides an uncomplicated method for the 

detection of RBC-NOS activity given that false-negatives are often encountered with 

immunohistochemical detection of phosphorylated enzymes (Mandell, 2003).  Indeed, the ABC 

method was employed for a study within this thesis (refer to Chapter 7); however, an inherent 

disadvantage of the ABC method is decreased specificity.  The primary characteristic of the 

ABC method (i.e., the 4 binding sites) which provides increased sensitivity can also lead to 

decreased overall signal due to steric hindrance (Barbarakis et al., 1992); accordingly, an 

indirect immunofluorescence method was employed to provide improved specificity for the 

quantitative measurement of RBC-NOS activity following exposure to discrete durations and 

magnitudes of shear stress (i.e., a dose-response). 

 

9.2.2 Methods 

The development of an immunofluorescence method was based on the ABC method detailed 

within the literature, and entailed meeting certain criteria; specifically, 1) preservation of the 

antigen, 2) minimisation of the signal-to-noise ratio, 3) utilisation of well-characterised 

antibodies, and 4) efficient labelling and detection of phosphorylated RBC-NOS.  Other general 

considerations for the development of the immunofluorescence method included adherence of 

cell preparations to slides, and choice of buffer solution.  As such, an optimisation matrix (Table 

7) was utilised to address each criterion separately in the optimisation of the 

immunofluorescence protocol.  
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Table 7. Immunocytochemistry optimisation matrix for the detection of RBC-NOS via immunofluorescence 

Antigen 

Preservation 

Fixative % 2% PFA 4% PFA   

Fixative time 10 min 20 min   

Centrifugal speed 250 g 500 g 1000 g  

Centrifugal time 3 min 4 min 5 min 10 min 

Trypsin % 0% 1%   

Minimisation of 

signal-to-noise 

ratio 

Permeabilisation solvent Tween-20 Tween-20 Triton-X 100 Triton-X 100 

Permeabilisation dilution 0.05% 0.1% 1%  

Blocking buffer BSA Milk powder Goat serum  

Blocking buffer dilution 0.1% 1% 3%  

Antibody 

characterisation 

Primary Ab Anti-eNOS Anti-eNOSSer1177 Anti-Band3  

Secondary Ab conjugate FITC Alexa Fluor 488 Alexa Fluor 594  

Labelling and 

detection 

Primary Ab incubation time 30 min 1 h 2 h Overnight 

Primary Ab dilution 1 : 50 1 : 100 1 : 200 1 : 400 

Primary Ab incubation 

temperature 

Room temperature 4 ° Celcius   

Secondary Ab incubation time 30 min 1 h 3 h  

Secondary Ab dilution 1 : 100 1 : 200   

Secondary Ab incubation temp. Room temperature    

Cell Adhesion 

Lysine coating 0% 0.01% 0.001%  

Heat fix duration 30 s 60 s 40 min  

Heat fix temp. Room Temp 37 ℃ 100 ℃  

Slide type Super Frost + Normal   

Antibody diluent buffer PBS TBS   

PFA – paraformaldehyde, BSA – bovine serum albumin, eNOS – endothelial nitric oxide synthase, eNOSSer1177 – serine 1177 phosphorylated eNOS, FITC – fluorescein 

isothiocyanate, PBS – phosphate buffered saline, TBS – Tris buffered saline. 
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9.2.2.1 Preservation of the antigen 

For the preservation of the antigen, paraformaldehyde (PFA) was chosen due to its ability to 

create cross-links between reactive end-groups of adjacent protein chains, thus fixing the 

cellular architecture, and ensuring the antigen was made insoluble (Fraenkel-Conrat & 

Mecham, 1949; Fraenkel-Conrat & Olcott, 1946, 1948a, 1948b).  As the degree of cross-linking 

is dependent on the PFA concentration, whole blood was incubated with either a 2% or 4% PFA 

solution.  As PFA-induced cross-linking may mask the epitope of phosphorylated RBC-NOS 

that binds to the antibody, whole blood was incubated with PFA for either 10 min or 20 min.  

Given that PFA increases cell density, the attachment of RBC to artificial surfaces is augmented 

via electrostatic/ionic forces (Bruno et al., 1992) and the mechanical sensitivity of RBC to 

centrifugal forces may subsequently be increased.  Therefore, whole blood fixed in PFA was 

centrifugally washed and RBC isolated at different centrifugal speeds and durations. To identify 

which concentration of PFA, duration of PFA incubation, and centrifugal speed and duration 

was most effective for preservation of the antigen, the cellular morphology and architecture of 

RBC were examined using light microscopy following centrifugal washing and isolation of 

RBC. 

 

9.2.2.2 Minimisation of the signal-to-noise ratio 

Given that PFA was utilised as a fixative (i.e., a cross-linking fixative), the RBC membrane 

integrity is maintained, and the intracellular component of RBC-NOS remains inaccessible to 

antibodies (Jamur & Oliver, 2010).  Therefore, permeabilisation of the RBC membrane was 

required for the antibody to translocate into the RBC and bind to the cytoplasmic component 

of RBC-NOS.  Subsequently, variations of surfactant type, and concentration were employed 

within the antibody diluent to improve the signal of the targeted antigen (i.e., phosphorylated 

RBC-NOS).  To assist in preventing non-specific binding of the primary and secondary 

antibodies, variations of blocking reagent, and concentration were employed within the 

antibody diluent to minimise background noise, and thus improve the signal-to-noise ratio. 
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9.2.2.3 Utilisation of well-characterised antibodies 

The development of an immunofluorescence protocol introduced factors that can influence data 

acquisition including auto-fluorescence of endogenous proteins, and decreased sensitivity to 

the phosphorylated RBC-NOS enzyme.  Therefore, optimisation of the immunofluorescence 

method included exclusion of auto-fluorescence via examination of the fluorescent signal by 

utilising 3 different secondary antibodies conjugated to fluorophores that emitted light at 

distinct wavelengths.  Moreover, to mitigate auto-fluorescence, fresh PFA stock was routinely 

produced and utilised during testing.  Additionally, a confounding factor of the 

immunofluorescence protocol was decreased sensitivity; thus, to minimise the false-negatives 

associated with detection of phosphorylated enzymes, the ubiquitous anion exchanger Band-3 

(sc-20657; Santa Cruz Biotechnology; Texas, USA), and the un-phosphorylated form of RBC-

NOS, were investigated in tandem with phosphorylated RBC-NOS (Ser1177; Merck Millipore; 

MA, USA) during optimisation of the immunofluorescence method.  A commercially available 

antibody that has previously been used for investigation of RBC-NOS activity was employed 

for the detection of phosphorylated RBC-NOS (Grau et al., 2013). 

 

9.2.2.4 Efficient labelling and detection of phosphorylated RBC-NOS 

Previous studies that have investigated RBC-NOS activity using the ABC method have 

employed a 1:500 dilution (Grau et al., 2013; Kleinbongard et al., 2006),while Ulker et al. 

(2011) utilised an immunofluorescence method that required an unusually high concentration 

of primary antibody (dilution 1:10).  As such, a primary antibody titration between 1:50 – 1:400 

was employed to identify the optimum dilution for saturation of the phosphorylated RBC-NOS 

antigen.  Nevertheless, optimal dilution of the antibody is also dependent on incubation time: 

the augmented avidity of polyclonal antibodies may lead to increased intra-variability.  As such, 

background staining may be enhanced following prolonged incubation with a polyclonal 

antibody at a low dilution (e.g., 1:10).  Subsequently, variations of incubation time were tested 

with variations of primary antibody dilution.  Moreover, variations of incubation temperature 

were tested given that incubation of the primary antibody at a decreased temperature (e.g., 4 

°C) may reduce non-specific binding and thus background signal.  In addition, a checkerboard 

matrix was utilised for identification of the optimal dilution of the secondary antibody relative 

to the dilution of the primary antibody (Table 9) 
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9.2.2.5 General optimisations 

Development of the quantitative immunofluorescence protocol also required general 

optimisations that included choice of buffer solution for rinsing and antibody diluent.  Two 

commonly used buffers included phosphate buffered saline and Tris-buffered saline; 

accordingly, both buffers were tested as part of the optimisation process.  To optimise adhesion 

of RBC to microscope slides, several methods were tested including enhancing the electrostatic 

interaction between the microscope slide and RBC via, a) coating glass microscope slides with 

poly-l-lysine, b) utilisation of positively-charged glass microscope slides to attract negatively 

charged cells, and c) coating positively charged glass microscope slides with poly-l-lysine.  

Moreover, to increase cell adherence to the glass microscope slide, samples were either; a) air-

dried with variations in duration of air-drying tested,  or b) ‘baked’ onto the glass microscope 

slide with variations in temperature and heat-exposure assessed. 

 

9.2.3 Results & Conclusions 

9.2.3.1 Preservation of the antigen 

Whole blood incubated with 4% PFA solution for 20 min increased attachment of RBC to the 

microtube and centrifugal force resulted in an abnormal amount of haemolysis following 

centrifugal washing at even the lowest speed.  Additionally, decreasing the duration of 

incubation to 10 min did not allow for adequate fixation of the antigen.  Incubation of whole 

blood with 2% PFA for 20 min decreased attachment of RBC to the microtube; however, 

haemolysis was observed following centrifugal washing at higher speeds and longer durations.  

A centrifugal speed of 250 g for 3 min allowed for sufficient separation of RBC from the 

supernatant while minimising mechanical stress on RBC.  Additionally, an antigen retrieval 

step was introduced at a later point within the protocol to ensure the antigenicity of 

phosphorylated RBC-NOS was not reduced via formation of hydroxyl-methylene bridges 

(Curran & Gregory, 1977).   

 



J.T. Horobin  Research methodology 

125 | P a g e  

9.2.3.2 Minimisation of the signal-to-noise ratio 

The cellular membrane integrity of RBC permeated with the non-ionic detergent, Triton X-100, 

appeared damaged upon inspection of cells with light microscopy, even at lower concentrations 

(Figure 26).  In contrast, the non-ionic detergent, Tween-20, appeared less abrasive on cellular 

membrane integrity; however, only at higher concentrations was a signal detected with the 

immunofluorescence protocol.  The amount of non-specific binding was highest while utilising 

bovine serum albumin as a blocking buffer for the secondary antibody diluent; subsequently, a 

transition to goat serum (i.e., the species in which the secondary antibody was raised) was 

ventured which minimised non-specific binding and decreased background signal.  The 

transition to non-fat milk powder for the initial blocking step did not increase background 

signal; however, an increased dilution of non-fat milk powder for the primary antibody 

incubation step was required to minimise non-specific binding (Polak & Van Noorden, 1997). 

 

Figure 26.  Red blood cell fragments following incubation with the surfactant, Triton-X 100, 

due to impaired membrane integrity 
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9.2.3.3 Utilisation of well-characterised antibodies 

Initially, a primary antibody purchased from ‘Cell Signalling Technology’ was employed for 

the targeting of phosphorylated eNOS, given that it had been previously utilised for an 

immunohistochemistry protocol.  There was no signal, however, and a new primary antibody 

was purchased from Millipore.  A FITC-conjugated antibody purchased from Sigma-Aldrich 

was originally utilised for the detection of bound primary antibodies.  There was very little 

signal, however, and a well-established secondary antibody was purchased from Invitrogen 

Antibodies.  Auto-fluorescence observed within the FITC channel prompted investigation into 

the use of a well-established secondary antibody with a conjugated fluorophore within the 

orange spectra (λ excitation 578 nm; λ emission 603 nm) for the detection of bound primary 

antibodies.  Given that the signal-to-noise ratio was improved with the use of the secondary 

antibody conjugated to the fluorophore within the orange spectra, the ‘noise’ was considered to 

be due to auto-fluorescence from either the paraformaldehyde fixation, and/or haemoglobin 

within the green spectra.  The antibodies utilised during the optimisation protocol are outlined 

in Table 8. 
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Table 8. Antibody characteristics utilised in the optimisation of the RBC-NOS 

immunofluorescence protocol 

Antibody Supplier Product code Methods 
# of  

citations* 

Band-3 Santa-Cruz 

Biotechnology 

sc-20657 WB 5 

Anti-eNOS Millipore 07-520 IHC, IP, WB 

 

9 

Anti-eNOSSer1177 Cell Signalling 

Technology 

9570 IHC, WB 36 

Anti-phospho-

eNOSSer1177 

Millipore 07-428 WB 8 

Goat Anti-Rabbit 

FITC Conjugated 

Sigma-Aldrich F0382 FC, ICC, IHC, WB 81 

Goat Anti-Rabbit, 

Alexa Fluor 488 

Invitrogen 

Antibodies 

A-11034 FC, IP, IF, IHC, WB 976 

Goat Anti-Rabbit, 

Alexa Fluor 568 

Invitrogen 

Antibodies 

A-11011 ICC, IF, IHC, WB 367 

FC = Flow Cytometry, ICC = Immunocytochemistry, IF = Immunofluorescence, IHC = 

Immunohistochemistry, IP = Immunoprecipitation, WB = Western Blot.  *, the number of publications and 

methods utilised for the respective antibodies was identified from the website, ‘CiteAb’. 

 

9.2.3.4 Efficient labelling and detection of phosphorylated RBC-NOS 

The optimum dilution of the primary and secondary antibodies, identified via the signal-to-

noise ratio, was a 1:100 for the primary antibody, and 1:200 for the fluorescence-conjugated 

secondary antibody (Table 9).  Incubation with the primary antibody for 30 min decreased 

fluorescence signal, whilst incubation with the primary antibody for 3 h led to increased 

background staining.  An incubation of the primary antibody overnight at 4 °C increased the 

incidence of condensation forming on slides and thus an increase in cell lysis.  Likewise, 

https://www.citeab.com/
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incubation of the secondary antibody for 30 min decreased fluorescence signal, whilst 

incubation with the primary antibody for 3 h led to increased background staining. 

 

It was found that slides incubated with secondary antibodies containing a fluorescent conjugate 

within the green spectrum demonstrated increased auto fluorescence.  As such, the best signal-

to-noise ratio was observed in cells incubated with the secondary that contained a fluorescent 

conjugate within the orange spectrum.  

Table 9. Checkerboard matrix for optimisation of antibody dilution 

 Secondary antibody 

 1 : 100  1 : 200 

Primary 

antibody 
Cells Background  Cells Background 

1 : 50 ++++ ++  +++ + 

1 : 100 +++ ++  +++ - 

1 : 200 ++ +  ++ - 

1 : 400 + ±  + - 

 

9.2.3.5 General optimisations 

For the adhesion of RBC to slides, multiple methods were tested.  Slides coated with 0.01% 

lysine demonstrated improved cell adhesion by enhancing the electrostatic interaction between 

RBC and the positively charged Superfrost + slide.  However, cell adhesion remained 

inadequate.  Allowing the slides to air-dry at room temperature for 2 h did not improve results: 

heat fixation was identified as the most suitable protocol for enhancing cell adhesion.  

Nevertheless, RBC were sensitive to the temperature and duration of heat fixation, and it was 

only a transition from heat-fixing with a hot-plate, to using an open flame that resulted in 

significantly improved cell adhesion. Short passes of the blood smear, equalling approximately 

5 s, over an open flame provided sufficient cell adhesion without damaging RBC membrane 

integrity.  The blood smears were left to cool down and subsequently stored until the day of the 

immunofluorescence protocol.  Additionally, a transition from PBS to TBS helped prevent non-

specific binding of reagents (Grube, 1980).  
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Chapter 11 Nomenclature 

 

λ absorbance 

ɑ alpha 

β beta 

K constant 

Δ delta 

F f statistic 

Q flow rate 

γ̇ gamma 

g gravitational force 

µ mu 

n number 

O2 oxygen 

p p statistic 

% 

 

percentage 

r2 r square value 

t time 

U unit 
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pH acidity/alkalinity (potential of hydrogen) 

kDa atomic mass (kilodalton) 

cP centipoise 

nm distance (nanometer) 

µm distance (micrometer) 

mm distance (millimetre) 

m distance (meter) 

L/min flow rate (litres per minute) 

Hz frequency (hertz) 

rev/min frequency (revolutions per minute) 

M molecular weight 

mOsmol·kg-1 milliosmoles per reciprocal kilogram 

mmHg pressure (millimeters of mercury) 

s-1 shear rate 

Pa shear stress (pascal) 

ms time (milliseconds) 

s time (seconds) 

min time (minutes) 

h time (hours) 

mo time (month) 

yr time (year) 

mPa/s viscosity 

µL volume (microlitre) 

mL volume (millilitre) 

L volume (litre) 

µg weight (microgram) 

mg weight (milligram) 

g weight (gram)  

Kg weight (kilogram) 
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DAF-FM DA 4,5-diaminofluorescein diacetate 

Abs absorbance 

ADP adenosine di-phosphate 

ATP adenosine tri-phosphate 

ANOVA analysis of variance 

AU arbitrary units 

AUC area under the curve 

BCL blood circulation loop 

BSA bovine serum albumin 

C carbon 

Ca2+ calcium 

Con control 

CTCF corrected total cell fluorescence 

cGMP cyclic guanosine mono-phosphate 

°C degrees celcius 

EI elongation index 

eNOS endothelial nitric oxide synthase 

ELISA enzyme linked immunosorbent assay 

GP glyocoprotein 

HRI haemolysis rate index 

iNOS inducible nitric oxide synthase 

EImax maximal elongation index 

MCS mechanical circulatory support 

MFI median fluorescence intensity 

MS mechanical sensitivity 

Na sodium 

nNOS neuronal nitric oxide synthase 

NO nitric oxide 

NOS nitric oxide synthase 
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P02 partial pressure of oxygen 

PFA paraformaldehyde 

PBS phosphate buffered saline 

PVP polyvinylpyrrolidone 

PKG protein kinase g 

RNS reactive nitrogen species 

ROS reactive oxygen species 

RBC red blood cell/s 

RBC-NOS red blood cell-nitric oxide synthase 

RT room temperature 

RT-PCR reverse transcriptase polymerase chain reaction 

RBP rotary blood pump/s 

SS1/2 shear stress required for half maximal elongation index 

Na2CO3 sodium carbonate 

sGC soluble guanylyl cyclase 

SD standard deviation 

SEM standard error of the mean 

SHT subhaemolytic threshold 

TBS tris buffered saline 

VAD ventricular assist device/s 

vWf von willebrand factor 

Y0 y-axis intercept at time = 0 min 

Yinf y-axis plateau at infinite time 

 

 


