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Impact of anti-coagulant choice on blood elongational
behavior

Blood's rheological properties impact how it flows

through our vascular system. Complex, non-Newtonian

flow properties might lead to new and unexpected flow
phenomena such as viscoelastic turbulence or turbulent drag
reduction. This study examines the effects of anticoagulants
on human and swine blood elongational properties. Citrate
aligned the most with physiological values from untreated
human blood droplets. This is a significant result not only for
physiological flow, but also for in vitro studies or for forensic
investigations on blood stains.
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Blood is a highly complex fluid with rheological properties that have a significant impact on various flow
phenomena. In particular, it exhibits a non-Newtonian elongational viscosity that is comparable to polymer
solutions. In this study, we investigate the effect of three different anticoagulants, namely EDTA (ethylene
diamine tetraacetic acid), heparin, and citrate, on the elongational properties of both human and swine blood.
We observe a unique two stage thinning process and a strong dependency of the characteristic relaxation time
on the chosen anticoagulant, with the longest relaxation time and thus the highest elongational viscosity being
found for the case of citrate. Our findings for the latter are consistent with the physiological values obtained
from a dripping droplet of human blood without any anticoagulant. Furthermore, our study resolves the
discrepancy found in the literature regarding the reported range of characteristic relaxation times, confirming
that the elongational viscosity must be taken into account for a full rheological characterization of blood. These
results have important implications for understanding blood flow in various physiological, pathological and

rsc.li/soft-matter-journal technological conditions.

1 Introduction

Blood is a complex fluid that exhibits a range of rheological
properties, including shear thinning, viscoelasticity, thixotropy,
and yield stress, particularly at physiological hematocrit."™
Recently, it has been demonstrated that blood also displays a
high elongational viscosity.”® This behavior arises from the
elasticity of plasma proteins, similar to that observed for
flexible synthetic polymers.'®*® The presence of an elevated
elongational viscosity can have a significant impact on various
flow phenomena, such as turbulent drag reduction,'®'”
lastic instabilities,"®° and inhibition of drop splashing.”*
Therefore, a quantitative understanding of the magnitude of
the elongational viscosity is essential for studying physiological
blood flow, including vascular flow instabilities,>* as well as for
the design and optimization of biomedical devices, such as cell
sorters®® and ventricular assist devices,”* and for forensic
investigations of blood stains.”>*2¢

Measuring the elongational viscosity of low-viscosity fluids
is a challenging task. Besides some microfluidic technologies,””
the most established method is the capillary break-up exten-
sional rheometry (CaBER) that involves observing the thinning

viscoe-
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process of a capillary bridge between two plates that are drawn
apart. While the neck of a Newtonian fluid breaks up into self-
similar solutions,*® the change of the conformational state of
the polymers and the resulting build-up of elastic stresses
inhibits breakage. This results typically in the formation of a
cylindrical filament with a pure elongational flow*® that thins
exponentially over time. Alternatively, one can also observe the
capillary thinning of dripping droplets, but in general, CaBER
offers better control of the thinning process and better image
quality.*®?' Recently the dripping-on-substrate technique was
introduced as an alternative method to characterise the elonga-
tional properties of low viscous non-Newtoinan fluids.**> The
balance of capillary pressure and elastic stresses leads to an
exponential thinning behavior, and in some cases the charac-
teristic timescale Ac can be indirectly related to the polymer
relaxation time via scaling laws."*** Additionally, /i is directly
proportional to the apparent elongational viscosity, which can
be orders of magnitude larger than the shear viscosity mea-
sured in standard rheometers.'? It is important to note that the
capillary bridge shrinks only due to capillary forces with an
elongational rate that is, according to the simple models,
exactly 3 times the polymer relaxation time. Consequently,
one cannot give any statement on the rate dependent elonga-
tional viscosity."?

The shear thinning and (visco-)elastic properties of blood in
shear rheology result mostly from the formation of aggregates
of red blood cells at low shear rates and stasis, the so-called
rouleaux. They form a weak, fragile colloidal gel which leads to
a small yield stress and shear thinning at larger shear rates.**
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The blood cells are suspended in an aqueous buffer solution,
the plasma, that contains in average 70 g 17" of proteins, of
which some have a large molecular weight of up to 1.3 Mio
amu. The plasma itself has no measurable elastic effect in shear
rheometry, only a surface layer of proteins at the plasma-air
interface can lead to misleading data and of course such a
surface film does not exist in physiological flow.** It was shown
in two independent studies by replacing the surrounding air by
oil in a CaBER experiment that such a protein surface film does
not play a significant role in capillary thinning experiments of
blood.>”

In pure elongational flow, polymers are aligned with the flow
and most efficiently stretched which leads to the high elonga-
tional viscosity. Consequently, the plasma proteins are the
microscopic constituents that are responsible for the elonga-
tional properties of blood and washed red blood cells in a
buffer solution without any proteins do not show any viscoe-
lastic filament in capillary thinning experiments,” but of course
the presence of the red blood cells can still alter the pinch-off
process of the Newtonian suspending medium.***® Of course,
the red blood cells experience a strong elongational flow field
that might lead to strong deformations or even haemolysis,*”’®
but those effects are beyond the scope of this study. While there
is now unanimous agreement that plasma and thus also blood have
an extensional viscosity, the statements about the characteristic time
scale /¢ vary by more than an order of magnitude.> Even if the
specific protocol of the capillary break-up measurement might play a
role here, this effect is much too large for being the sole mechanism.
We therefore hypothesized that the anticoagulant in use might play
an important role.

In this study, we compare the effect of EDTA (ethylene
diamine tetraacetic acid), heparin, and citrate on the elonga-
tional properties of blood. All three are commonly used antic-
oagulants in clinical settings and they work by different
mechanisms to prevent blood from clotting. Anticoagulation
is achieved either by the binding of calcium ions (EDTA, citrate)
or by the inhibition of thrombin (heparin). However, the
biochemical effects of these substances is far more complex
and goes beyond the scope of our study.’*™*' To test the
generality of our findings and due to its relevance as a replace-
ment fluid for in vitro studies, we performed this study not only
on human blood but also on swine blood.’

2 Materials and methods
2.1 Experimental set-up

The capillary break-up extensional rheometer set-up is a lab-
made upgrade of the apparatus described in a previous work.*"
It consists of two copper discs with a diameter of 4 mm, where
the lower disc is fixed and the upper disc can be moved in the
z-direction with a linear motor (P01-23 x 80, Linmot, Spreiten-
bach, Switzerland). A droplet of blood with a specified volume
is placed with a micro-pipette between the two plates. The
initial gap distance between the disks is 2 mm and the
linear motor pulls the upper disk with a constant speed of
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0.1 mm s~ ', according to the slow retraction method (SRM) that
is best suited for low viscous fluids with short relaxation
times.*® The pending (dripping) droplet experiments is done
by connecting a reservoir filled with the anticoagulant-treated
blood to a Teflon nozzle with a diameter of 2 mm or, for the
case of the untreated blood, by connecting a Teflon tube from a
venous punctured person directly to the nozzle. The dripping
frequency is controlled by a manual valve (Discofix 3SC,
B. Braun Melsungen AG,Germany) which allows to tune the
hydraulic resistance of the Teflon tube. For all experiments,
an LED illumination (ZLED CLS 9000, Zett Optics GmbH,
Braunschweig, Germany) is used to project a shadow image
of the capillary bridge. All experiments were performed at room
temperature (22 °C). Due to the small diameter of the Teflon
tube, we assume that the untreated blood from the venous
punctured person has reached room temperature when it
reaches the nozzle. We follow the evolution of the filament
with a 10-bit high-speed camera (X-Stream XS-5, IDT, Tallahas-
see, USA) at up to 1.54 kHz frame rate and down to 0.65 ms
shutter time. The camera has 1280 x 1024 pixels with a size of
pm x pm, and we use a 10x microscope objective with 4 mm
working distance (Plan Apo, Nikon, Minato, Japan) attached to
the camera via a tubus lens (InfiniTube, Edmund Optics,
Barrington, USA). The minimum radius of the capillary bridge
is detected using self-written image analysis software,®' and
once the parallel filament is formed, we use the following
equation to fit the temporal evolution of the radius A(t):

h(1) = Aexp<7t ;CB> "y, (1)

Here, /¢ is the characteristic time scale of the thinning process,
A + D is the radius of the filament at the beginning of the
exponential regime, B defines the corresponding moment in
time, and D is a heuristic offset parameter that can be related to
the pre-stretch of the polymers before the parallel filament is
formed.** For each set of parameters (type of anticoagulant and
human or pig blood) at least 20 different CaBER-runs with
newly placed droplets are evaluated.

2.2 Materials

Human blood is collected from four healthy donors by venipunc-
ture in EDTA-, heparin- or citrate-containing tubes (S-Monovette,
Sarstedt, Niimbrecht, Germany). Only for the blood dripping
experiment without any anticoagulant, the venipuncture needle
is directly connected via a Teflon tube to the nozzle of one single
donor. The human blood collection is performed following the
declaration of Helsinki and is approved by the ethics committee
of Arztekammer des Saarlandes, permit number 51/18. Blood
from pig is collected in a similar manner from two different
animals as waste material during surgery inventions and used for
our experimental investigations within 8 hours.

3 Results

Fig. 1(a) illustrates the dynamic evolution of a capillary bridge
formed by blood treated with citrate in the context of a capillary

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Evolution of a capillary bridge of (a) swine and (b) human blood,
both anti-coagulated with citrate. Frame rates are 723 and 520 fps,
respectively. (c) The minimal filament diameter extracted from the image
sequences; closed circles: human blood, open squares: swine blood;
numbers in the graph indicate the frame numbers as referenced in (a)
and (b). Lines are fits according to egn (1) for two consecutive elasto-
capillary regimes yielding the relaxation times (a) with on-set at frame
13: Ac = 5 ms, and with on-set at frame 21: 1c = 13 ms and (b) with on-set
at frame 37: Jc = 2 ms, and with on-set at frame 41: ic = 11.2 ms.

break-up extensional rheometry (CaBER) experiment. After the
initial thinning phase that is primarily governed by the Ray-
leigh-Plateau instability,”* the bridge’s radius progressively
transitions into a self-similar finite-time singularity reminis-
cent of behavior exhibited by Newtonian fluids.*® However, a
notable departure from this behavior occurs as the flow rate
surpasses the characteristic time scale associated with polymer
dynamics. At this juncture, the rapid dynamics undergo an
abrupt deceleration, leading to the formation of a parallel
filament that undergoes exponential thinning over time
(Fig. 1(c)). This distinctive phase commences when the filament
reaches a thickness on the order of 100 pm. Intriguingly, an
additional unexpected shift in behavior manifests as the fila-
ment’s thickness approaches approximately 10 pm. At this
critical point, a secondary exponential thinning regime
emerges, characterized by a notably extended characteristic
relaxation time (as detailed in the caption of Fig. 1). Remark-
ably, the behavior exhibited by swine blood (Fig. 1(a)) closely
mirrors that of human blood, with both exhibiting character-
istic time scales A; on the order of several milliseconds.
However, it is crucial to note the substantial variability
observed across different experimental runs, a topic that will
be elaborated upon in subsequent discussions.

For both human and swine blood samples, the behavior
observed with citrate is remarkably consistent with that
observed with heparin as the anticoagulant (Fig. 2). In both
cases, a two-stage exponential thinning process unfolds,
accompanied by a notable degree of variability among different
experimental runs. The resemblance in behavior between the
two blood types is striking, with quite comparable elongational
properties. However, it is noteworthy that the characteristic
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Fig. 2 Evolution of a capillary bridge of (a) swine and (b) human blood,
both anti-coagulated with heparine. Frame rate is 1540 fps. (c) The minimal
filament diameter extracted from the image sequences; closed circles:
human blood, open squares: swine blood; numbers in the graph indicate
the frame numbers as referenced in (a) and (b). Lines are fits according to
egn (1) for two consecutive elasto-capillary regimes yielding the relaxation
times (a) with on-set at frame 5: ic = 0.9 ms, and with on-set at frame 9:
Ac = 4.7 ms and (b) with on-set at frame 6: /ic = 2.2 ms, and with on-set at
frame 12: c = 5.4 ms.

time scales /¢ tend to be shorter when heparin replaces citrate
as the anticoagulant.

A stark departure from this behavior is observed when EDTA
is employed as the anticoagulant (Fig. 3). Under these condi-
tions, the emergence of the two-stage exponential thinning
process is conspicuously absent. Instead, the initial exponential
thinning regime dominates, characterized by significantly
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Fig. 3 Evolution of a capillary bridge of (a) swine and (b) human blood,
both anti-coagulated with EDTA. Frame rates is 1540 fps. (c) The minimal
filament diameter extracted from the image sequences; closed circles:
human blood, open squares: swine blood; numbers in the graph indicate
the frame numbers as referenced in (a) and (b). Lines are fits according to
eqn (1) yielding the relaxation times (a) with on-set at frame 7: Ac = 0.3 ms
and (b) with on-set at frame 13: /c = 0.3 ms.
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smaller values of the characteristic relaxation time Ac. Never-
theless, it is noteworthy that both human and swine blood
continue to exhibit remarkably similar behavior in the presence
of EDTA.

The pronounced variability inherent in our measurements
becomes evident upon closer examination of the histogram in
Fig. 4. The black bars indicate the characteristic time ic from
the first thinning regime and the red bars from the second one.
Both for the case of citrate and heparine, the onset of the
second thinning is detectable in several cases. While the use of
citrate as the anticoagulant yields time scales extending beyond
10 ms, there are instances where measurements hover around
the 1 ms mark or even less. A similar trend is observed when
heparin is employed, albeit the longest characteristic time
scales remain below 10 ms here. In contrast, the use of EDTA
results in a consistent observation of A. values below the 1 ms
threshold.

To investigate whether the various anticoagulants either
delay or expedite the thinning process relative to untreated
blood, we conduct a series of exploratory runs using a pending
droplet setup. This arrangement enables us to directly connect
a Teflon tube from a venous puncture to the nozzle, facilitating
the observation of capillary thinning in untreated blood within
a matter of seconds after donation. In cases where blood is
treated with anticoagulants, a reservoir is attached to the
nozzle. Compared to the CaBER, it is much more difficult to
obtain data that could be evaluated, because the detachment
process induces always strong oscillations and in many cases
the droplet drips asymmetrically from the faucet. We therefore
present only exemplary runs in Fig. 5. Notably, the relaxation
times associated with full blood samples treated with citrate
align closely with the relaxation times determined from sam-
ples lacking anticoagulants. A comparison of the time scales A
with those obtained from CaBER experiments reveals certain

30 ' (a){ 30 ' ' (d)
20 Swine Citrate; 20 Human Citrate;
10 10
0 . . 0 . .
»30r . (b)- 30+ ()
§20 [ Swine Heparine; 20l Human Heparine]
810 “I 110 ]
0 : : : 0 “.-.F.__‘_A_._‘_‘_._:_‘;
30} (c)130+ (f) -
20l Swine EDTA] 20k Human EDTA|
10+ 110 m .
O(l). 5 1|0 1|5 00 = 5 1I0 1‘5
Ac (ms) A (ms)

Fig. 4 Histograms of relaxation times for the swine (a)-(c) and human
(d)—=(f) full blood samples treated with anticoagulants: (a) and (d) citrate, (b)
and (e) heparine, (c) and (f) EDTA. Black bars indicate the characteristic
time scale taken from the first exponential thinning regime and red bars
from the second one.
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Fig. 5 Sequences of images of a falling drop through a nozzle at 1540 fps
(a) blood without any anticoagulant directly drawn from a donor,
full squares in (e) ic = 3.8 ms; (b) full blood with citrate, open squares,
Ac = 3.1 ms; (c) full blood with heparine, open circles, ic = 2 ms; (d) full
blood with EDTA, full circles, ic = 1.5 ms. (e) Filament thinning and the
corresponding fits with eqn (1) (see text). The inset shows a photograph of
the pending droplet in front of the microscope lense.

differences, which are typical when comparing CaBER with
pending droplet or jet break-up experiments.** However, both
experimental setups consistently reflect qualitatively the trends
induced by the chosen anticoagulant.

4 Discussion & conclusion

Our findings unequivocally demonstrate that the choice of
anticoagulant exerts a profound influence on the elongational
properties of blood. In the case of heparin and citrate, we
observe a distinctive two-stage exponential thinning behavior, a
phenomenon that raises intriguing questions about the under-
lying mechanisms. Two plausible explanations emerge from
our observations: firstly, it might be a consequence of the
presence of different relaxation modes in the plasma polymers
(proteins), and this phenomena was already observed in
numerical simulations of the multi mode Giesekus model
(cp. Fig. 2b in ref. 8) Secondly, it is worth noting that when
the second thinning regime commences, the filament thick-
ness is on the order of 10 um, roughly equivalent to the size of
red blood cells. It is a well-established fact that the presence of
particles can expedite the pinching process.**>**> Consequently,
it is conceivable that a filament with a thickness below 10 pm
might be entirely devoid of blood cells, potentially contributing
to the observed behavior. The strong elongational rates in this
regime together with the small dimensions suggests that
changes in the aggregability of the red blood cells due to the
different anticoagulants does not play a significant role here, a
hypothesis that dedicated experiments could investigate.

One noteworthy aspect of our results is the significant
dispersion in the measured relaxation times for a given set of
parameters. This variability presents a less straightforward

This journal is © The Royal Society of Chemistry 2024
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challenge to interpret. While we can only speculate at this
juncture, one plausible explanation could be a substantial hetero-
geneity in the concentrations of plasma proteins within the blood
samples, thereby contributing to the observed dispersion.

To further elucidate the impact of different anticoagulants on
the thinning process compared to untreated, non-coagulated
blood, we conducted dripping droplet experiments. This approach
provided a means to directly compare the elongational properties
of blood samples subjected to various anticoagulants with those
of untreated blood. Intriguingly, our findings indicate that citrate
has a negligible effect on the elongational properties of blood,
suggesting that it preserves the intrinsic behavior of blood during
the thinning process. In contrast, heparin appears to exert an
accelerating effect on the thinning process, leading to shorter
characteristic relaxation times Jc. Perhaps the most striking
observation is associated with the use of EDTA as an antic-
oagulant, which markedly alters the characteristic relaxation time
/¢ by an order of magnitude, emphasizing the dramatic impact of
anticoagulant choice on blood’s elongational behavior.

Our data are in overall agreement with what is reported in
the literature,”™ if one considers the reported anticoagulants
and our study clarifies the apparent discrepancies. There is
quite some need for a replacement fluid for human blood for
any type of experimental investigation and any blood replace-
ment fluid*®*” that should reflect the droplet forming or flow
properties of blood should also reflect the elongational proper-
ties. This may be done, e.g., by adding a tiny amount of long
chained polyethylenoxide to the replacement solution.” In any
case, our study also reveals that swine blood is a very good
replacement for human blood with respect to the elongational
properties.
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