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Abstract

We present an investigation of the rheological behavior of whole human blood under
uniaxial extensional flow. For that purpose, capillary breakup experiments were carried
out by combining the slow retraction method, high-speed imaging techniques and an
immiscible oil bath. The use of the oil bath was aimed at reducing liquid loss by
evaporation and to reduce light refraction effects, thus allowing the visualization of the
blood cells during the filament thinning. Extensional relaxation times were measured
for whole blood samples collected from a total of thirteen healthy adult volunteers from
both genders, with hematocrit levels between 38.7% and 46.3%. For this range of red
blood cell concentrations, the variation of the extensional relaxation time is small, with
the average extensional relaxation times measured in air and in oil being 114£30 ps and
259+47 us, respectively. An increase of the red blood cells concentration leads to an
increase of the bulk viscosity of the sample, which delays the thinning of the filament
and consequently the time to breakup. In addition, blood aging was found to reduce the

relaxation time while the absence of anticoagulant increases it significantly.



I. Introduction

Blood is a multicomponent suspension exhibiting complex rheological characteristics,
which shows a different behavior for blood flowing in large or small diameter vessels.
The non-Newtonian behavior of blood is revealed by its shear-thinning viscosity and
stress-relaxation properties. Moreover, its viscoelastic characteristics are associated with
the morphological and elastic properties of the red blood cells (RBC) or erythrocytes
[1,2] with its elastic response being negligible under certain flow conditions. For this
reason, it is expected that the viscoelasticity of blood increases with hematocrit and
depends strongly on the interactions between cells. Thurston [3] was the first to
recognize the viscoelastic nature of blood in shear flow. Subsequent research studies on
blood viscoelasticity have focused essentially on shear flow experiments as reviewed by
Sousa et al. [4], rather than on extensional rheology [5-7]. Recent experimental studies
using different techniques, namely passive microrheology and large amplitude
oscillatory shear measurements (LAOS), showed that blood has a small, but non-
negligible, elastic character [7,8].

Microfluidics are frequently used as platforms to assess blood and RBC behavior under
extensional flow [9,10], since the small characteristic length scale typically allows for
strong extensional flow fields to be probed in the absence of significant inertial effects.
For example, the evaluation of RBC deformability in microchannels, in which a strong
extensional flow is generated, is a relevant topic of research [9,11] since it can be
associated with the diagnosis of certain diseases. Using the cells deformability as a
biophysical marker is a promising tool that can be used instead of common biochemical
markers which require costly labelling and sample-preparation steps. Furthermore,
generating an extensional flow field is a useful way to stretch deformable materials,

such as red blood cells [12] or DNA molecules [13,14], and investigate their



viscoelastic response under controllable flow conditions. For red blood cells, it is
important to note that extensional stresses are an important factor for cell hemolysis, as
demonstrated by Down et al. [15] in the flow through an axisymmetric contraction,

similar to what is possibly found in blood vessels.

Extensional flow enhances viscoelastic properties and, for some complex fluids, elastic
instabilities can arise due to a significant increase of the normal stresses [16-18]. Sousa
et al. [10] showed that two viscoelastic blood analogue solutions with similar shear
viscosities presented distinct flow behavior under a strong extensional flow in a
microfluidic contraction/expansion, due to their different viscoelasticities. More
recently, Brust ez al. [19] found that human plasma revealed a viscoelastic behavior in a
strong extensional flow, while keeping its Newtonian characteristics under a simple
shear flow, and suggested that viscoelasticity may be responsible for the onset of
viscoelastic instabilities especially in the presence of red blood cells at concentrations of
50%. Thus, there is still a clear need to characterize blood and plasma in extensional
flow in order to understand its behavior under those flow conditions. For that purpose,
in this work we measure the extensional relaxation time of whole human blood using a
capillary thinning device. A custom-built setup combining the slow retraction method
and high-speed imaging techniques [20] is employed in order to generate a vertical
stretching filament of blood. The temporal evolution of the minimum filament diameter
is used, combined with an appropriate scaling law, to determine the extensional
relaxation time. The measurements were performed for blood filaments surrounded by
air and by an immiscible oil, which minimizes light refraction and allows the

visualization of the blood cells behavior during the filament thinning and breakup. The



effect of sample aging on the extensional flow behavior of whole human blood and of

human plasma was also investigated.

I1. Experimental

A. Sample preparation

Blood samples were collected from thirteen healthy human adult volunteers under
informed consent. The donors included five female and eight male with hematocrit
(Hct) ranging from 38.7% to 46.3%, as described in Table I. The experimental work
was carried out at Hospital de S. Jodo (Porto, Portugal) in compliance with its Ethics
Committee for Health. Blood was collected by venepuncture at the antecubital vein
using 3 mL plastic vacuum tubes (BD  Vacutainers®) containing
ethylenediaminetetraacetic acid tripotassium salt (K3EDTA, 1.8 mg mL™!") in order to
prevent coagulation [21].

After blood collection, each sample was left at room temperature during approximately
10 minutes in order to equilibrate the temperature, after which the experiment was
performed. Whole blood samples were used up to a maximum of 2 h after blood
withdrawal, unless otherwise stated.

Human plasma samples were obtained from donor D3. First, whole blood was
centrifuged at a moderate speed (2500 rpm) for 10 minutes to minimize cell damage.
Then, the separated liquid phase (yellowish, top layer) was centrifuged for another 10
minutes at 2500 rpm, and the plasma was removed by aspiration. In addition, the RBC
(red lower layer) obtained in the first centrifugation were washed twice with phosphate
buffered saline (PBS, pH = 7.4) and centrifuged again at the same speed. The washed
RBC were suspended in plasma or PBS in order to prepare samples with an hematocrit

of 20% (v/v).



TABLE 1. Gender and values of hematocrit for each donor.

Donor F;/r; ?ie(ﬁi / Hct (%)
Dl F 38.7
D2 F 39.2
D3 F 40.3
D4 F 40.8
D5 F 42.6
D6 M 39.8
D7 M 40.4
D8 M 41.6
D9 M 42.4

D10 M 42.4
D11 M 45.2
D12 M 45.8
D13 M 46.3

B. Experimental set-up

Measurements of the filament thinning dynamics of the blood samples were carried out
using a custom-made capillary breakup device. The experimental setup used in the
investigation is described in detail in Sousa et al. [20]. The blood samples are placed
between two cylindrical rods (2 mm in diameter), which are initially ~ 500 pm apart.
The liquid bridge confined between the circular plates is then stretched as one rod,
which is mounted on a motorized stage (Zaber, Tech T-LSM100A), moves at a constant
speed of 10 um/s. Preliminary tests were performed using horizontal stretching of blood
samples, as described in Sousa et al. [20], but the results here presented were obtained
using a vertical filament stretching as depicted in Fig. 1, in order to minimize the effects
of sedimentation of blood cells in the region of interest where the measurements were

performed, i.e. in the middle region of the filament.



FIG. 1. Detailed view of the test cell of the experimental setup. In the experiments, the
top rod moves at a constant velocity of 10 pum/s while the bottom rod remains
stationary. The blood sample is placed in between the rods with an initial gap of about

500 um. More details of the experimental setup are presented in Sousa et al. [20].

To reduce inertial effects, the slow retraction method developed by Campo-Deafio and
Clasen [22] was employed, where the velocity of the movable rod was low enough to
ensure that the liquid bridge undergoes a sequence of equilibrium states until the elasto-
capillary instability occurs spontaneously. Digital images were acquired using a high-
speed CMOS camera (FASTCAM Mini UX100) coupled with a high-resolution lens
system (Optem Zoom 70 XL). Since blood is a weakly elastic fluid, the frame rate used
needs to be high enough to capture the relevant filament-thinning regimes, especially
the exponential decay of the filament diameter. Additionally, the optical magnification
must be sufficiently high to resolve the filament diameter even in the late stages near
breakup. Typically, we used a spatial resolution of 1280 pixels x 152 pixels, at 32768

frames per second (fps) and an exposure time of 3.9 ps. The resulting image scale factor

was 1.16 pm/pixel. The images were digitally processed to detect the filament interface



with sub-pixel resolution [20,23]. The minimum diameter of the filament, along the
filament axis, was determined for each acquired image. Direct measurements of the time
evolution of the minimum filament diameter enabled quantitative determination of the
blood extensional relaxation time (A4).

For viscoelastic fluids, the filament thinning is initiated by a capillary instability and
then generates a quasi-cylindrical filament in which elastic and capillary forces balance,
whereas inertial, viscous and gravitational forces are frequently negligible [24]. Elasto-
capillary balance has been observed in the filament thinning of high-viscosity
viscoelastic solutions [25-27] as well as low-viscosity viscoelastic solutions [22,28,29].
In the elasto-capillary regime, the filament diameter (D) decays exponentially in time

according to [25,30]:

D) _(6Dy Y )

where Do is the initial diameter, G is the fluid elastic modulus, o is the surface tension
and ¢ is the time. Equation (1) can be re-written as D(#)/Do = C exp[-#/(31)], where
C = (GDo/(40)]'? is a constant. The blood relaxation time is calculated from the slope

of the linear fit to the experimental data of log[D(#)/Do] as a function of time, ¢.

We investigated the elongational flow behavior of whole blood for samples surrounded
by air and by an immiscible silicone oil with a kinematic viscosity of 0.65 cSt
(Xiameter PMX-200, Dow Corning). The use of an outer immiscible liquid bath, in
which the liquid bridge is completely submerged, eliminates water evaporation from the
solvent and allows the visualization of the blood cells in the filament because the
presence of an outer fluid minimizes the refraction of light in the cylindrical filament

and consequently the cells can be observed in the acquired images. We use a low



viscosity silicone oil in order to minimize the shear at the interface between the filament
and the oil, which was found by Sousa et al. [20] not to affect significantly the
measurement of the extensional relaxation time.

Since the capillary thinning process of the blood samples is fast, and occurs at high
strain rates, the advection of the red blood cells is fast and Brownian motion can be
neglected. This can be attested using the Péclet number, Pe, which quantifies the ratio

of the rate of advection of the flow to the rate of diffusion by Brownian motion [31],
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where ks is the Boltzmann constant, 7 is the absolute temperature, 7, is the plasma
shear viscosity, Rrac is the red blood cells equivalent radius and ¢ is the strain rate of

the filament, which is defined as:
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Considering 7, = 2 mPa s and Rrsc = 4 um [4], the smallest Péclet number found in the

experiments is of the order Pe = @(10%), which justifies neglecting Brownian motion.

Each test was repeated at least three times to assess the repeatability and to calculate the
standard deviation of the measured relaxation times. All measurements were performed

at room temperature, 7= 21 £+ 2 °C.

II1. Results and Discussion

A. Effect of sedimentation of the blood cells

Preliminary tests were performed with the blood filament placed in the horizontal

position, as in the experiments of Sousa et al. [20]. The visualization of the filament



dynamics showed the presence of a plasma-rich layer on the filament top edge between
the surrounding medium and blood due to sedimentation of the blood cells.
Consequently, the concentration of cells in the cylindrical thread during the slow
retraction was changing in time. In order to minimize the effect of cell sedimentation,
we performed experiments with vertically stretched blood filaments. The capillary
bridge formed between the two rods is stretched as the top plate moves linearly at slow
velocity. Visualizations of the entire filament thinning process, in the vertical direction,
showed that a small plasma layer still forms during the experiment but is localized near
the top plate rather than in the central region of the filament, as was the case for the
horizontal threads, therefore not affecting the concentration of cells in the measurement
region of minimum filament diameter. Figure 2 compares the diameter evolution of the
blood filament thinning horizontally and vertically when surrounded by air (Fig. 2a) and

by oil (Fig. 2b).
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FIG. 2. Comparison between the time evolution of the minimum diameter of
horizontally and vertically stretched filaments surrounded by air (a) and by silicone oil
(b). The solid lines represent the fits to determine the extensional relaxation times.
Blood samples were collected from donor D3. The curves were shifted in time to match

at short times.



Initially, the time evolution of the diameter of the filament surrounded by air and by oil
is nearly independent of the stretching direction. After a certain time, which depends on
the surrounding medium, it is possible to notice some difference between the diameter
profiles measured in the horizontal and vertical positions. Nevertheless, the time
evolution of the horizontal and vertical filaments in the time interval used to determine
the extensional relaxation time is analogous and differences are of the order of the
experimental error. Even though the difference is not significant, the remaining
measurements were performed with vertical stretching of the blood samples to minimize

the effect of cell sedimentation.

B. Extensional relaxation time of human blood

The diameter of the filament as a function of time is shown in Fig. 3 for three whole
blood samples collected from different donors and also for human plasma. The filament
diameter evolution for a Newtonian fluid and for two viscoelastic fluids based on
polyacrylamide (PAA) used in Sousa et al. [20] is also shown for comparison purposes.
The Newtonian fluid consists of 23.6 wt.% glycerol in water, with a shear viscosity of
2 mPa-s measured using a shear rheometer (Physica MCR301, Anton Paar) at 21°C,
which is similar to the value reported for the shear viscosity of plasma at the same
temperature [32]. The viscoelastic fluids are aqueous solutions of PAA with weight
concentrations of 2 and 5 ppm [20]. The results obtained for whole blood and plasma
samples collected from the same donor (D3) are compared, in addition to the results
obtained from whole blood samples collected from donors D11 and D12, which have
similar hematocrits but present some differences in terms of the time evolution of the

blood filament.
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FIG. 3. Time evolution of the minimum filament diameter for whole human blood
(donors D3, D11 and D12), human plasma (donor D3), a Newtonian fluid with a shear
viscosity similar to that of plasma and two viscoelastic fluids with a different
concentration of polymer (2 ppm of PAA and 5 ppm of PAA). All measurements were
performed in air. Symbols represent experimental data and the lines represent the fit to
determine the extensional relaxation times. The curves were shifted in time to match at

short times.

Whole blood behaves as a Newtonian fluid during the major part of the thinning
process, while the normal stresses are not yet large enough, with a dominance of the
viscoelastic effect occurring towards the breakup when the filament diameter is less
than about 60 pm. The time interval where the elasto-capillary regime was identified is
also shown in Fig. 3 as solid lines. In this regime, the diameter of the filament decreases
exponentially with time [30] and it is possible to determine the whole blood relaxation
time (Eq. 1) from the slope of diameter as a function of time in semi-log coordinates. In
order to select the relevant region of interest, we first perform a visual inspection of the
filament to ensure a cylindrical shape in the time interval selected. Figure 4 shows a

sequence of images taken during the filament thinning of a whole blood sample

11



surrounded by air (Fig. 4al) and by the silicone oil (Fig. 4a2) and also of a human

plasma sample surrounded by air (Fig. 4b1) and by the silicone oil (Fig. 4b2).

| III MtII
(bl) I-:-

FIG. 4. Sequence of images showing the evolution of a filament of whole human blood

f=043ms | 1=0.67ms

(al and a2) and human plasma (b1l and b2) at four instants of time. Images (al) and (bl)
correspond to measurements in air, whereas images (a2) and (b2) correspond to
measurements in the silicone oil. All blood and plasma samples shown were collected

from donor D3.

For the whole blood sample, a quasi-cylindrical filament is observed in the time interval
of 0.57 <t/ms <0.79 for filament in air and 1.65<¢/ms < 2.14 for filament in oil,
when the balance between viscoelasticity and capillarity governs the thinning of the
thread. Near the final stage of the thinning process of whole blood (= 0.94 ms in Fig.
4al and r=2.35 ms in Fig. 4a2), the filament shows an irregular shape instead of a

nearly cylindrical shape due to a non-uniform distribution of RBC along the filament,

12



which is not considered in the quantification of the relaxation time. For the thinning in
silicone oil, at #=2.35 ms shown in Fig. 4a2, it is possible to observe a thick region
with clusters of cells (dark part of the filament) as well as a plasma-rich zone (lighter
part at the center of the filament), where the filament becomes thinner and eventually
breaks. The region of the filament with a lower local RBC concentration exhibits a
smaller effective viscosity and consequently the initial filament thinning is faster.
Analogous observations were found in the thinning dynamics of particulate suspensions
in a Newtonian matrix [31,33,34] and of concentrated cornstarch dispersions [35].
Additionally, we observed that the breakup typically occurs in the central region of the
filament. When the filament exhibits an irregular shape, due to a non-uniform
distribution of cells, the average diameter of the thread is typically less than 30 pm and
since the average diameter of erythrocytes and leukocytes is around 8 um and 15 pm,
respectively, they occupy a significant portion of the filament.

It is important to note that the temporal evolution of the filament diameter of whole
blood, shown in Fig. 3, is comparable to that observed for two highly diluted
viscoelastic fluids, attesting the weak elastic character of whole blood. Sousa et al. [20]
measured extensional relaxation times of approximately 90 us and 180 ps for the 2 ppm
and 5 ppm PAA solutions, respectively. These values of relaxation time are similar to
those estimated for the extensional relaxation time of whole blood, as presented below.
In addition, as can be seen in Fig. 3, the diameter profiles of whole blood samples
obtained from different donors present some differences as expected due to donor to
donor variability, particularly in terms of hematocrit and concentration of proteins.

As expected, the capillary bridge of the human plasma breaks faster than that for whole
blood (cf. Fig. 3), since the presence of the cells increases the bulk viscosity and

consequently delays the initial thinning process and the time to breakup. For the plasma
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sample, the temporal evolution of the filament diameter shows a small elasto-capillary
region (0.18 <¢/ms <0.24 in air and 0.67 <t/ms <0.76 in oil), in which the filament
presents a quasi-cylindrical shape (cf. Fig. 4b1 and 4b2) and the extensional relaxation
time can be estimated. Near breakup (¢ > 0.28 ms in air and 7 > 0.95 ms in silicone oil),
the filament at the top and bottom ends thins faster than at the central region, which
eventually leads to the formation of a single central droplet. Although the breakup of the
plasma filament looks similar to that of a Newtonian fluid, the thin tails close to the top
and bottom plates, indicated by the arrow in Figure 4b1l and 4b2, suggest a slight
viscoelastic behavior of human plasma. A similar filament shape was observed in the
filament thinning and breakup of weakly elastic fluids, in which the formation of a tail
indicates that viscoelasticity acts against the breakup by increasing the breakup time
[36,37]. Nevertheless, the very weak viscoelastic character of human plasma seen here
contrasts with previous observations of Brust ef al. [19]. The differences in the human
plasma behavior in extensional flow between these two works may perhaps be
attributed to the different experimental conditions used in both investigations, such as
the concentration of anticoagulant used in blood collection.

As can be seen in Fig. 3, the differences between the curves obtained for the Newtonian
fluid and plasma are tenuous, being of the order of the experimental error. However, it
is imperative to refer that the viscoelastic character of human plasma [19] and
consequently of human blood is due to the presence of the cells and of other solutes,
such as proteins. Moreover, it is important to highlight that the results obtained for such
low-viscosity and low-elasticity fluids are close to the minimum measurable limit of the
technique used. It is worth mentioning that we also measured the filament diameter of a

plasma sample, which was obtained by allowing the blood cells to settle down by

14



gravity for approximately 2h. Similar evolutions of the filament diameter were observed

by using the plasma samples obtained by sedimentation and by centrifugation.

The extensional relaxation times of all blood samples were measured with the capillary
bridge surrounded by air and also by the silicone oil bath. In addition to allowing the
visualization of the cells inside the fluid filament, the use of the oil bath can prevent
evaporation and the formation of a plasma protein surface layer at the liquid-air
interface. Copley and King [38] showed that viscoelastic effects found in plasma are
attributed to the surface layer plasma protein at the liquid-air interface. More recently,
Jaishankar et al. [39] found that viscoelastic effects of bovine serum albumin solutions
in shear flows arise from the presence of a viscoelastic layer, which results from the
adsorption of protein also at the liquid-air interface. In this regard, Brust et al. [19] also
performed measurements of the extensional rheology of plasma with capillary bridges
surrounded by silicone oil in order to ensure that the viscoelastic behavior found for
human plasma are not due to the viscoelastic layer formed by the adsorption of protein
molecules at the air-liquid interface.

A comparison of the extensional relaxation times measured in air and in oil bath for all
donors is presented in Fig. 5a. Figure 5b shows the extensional relaxation times
measured in air and in the silicone oil as a function of the hematocrit for both male and
female donors. The average values of the extensional relaxation times and the estimated

standard deviation are listed in Table II.
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FIG. 5. (a) Extensional relaxation times measured with the whole blood filament
surrounded by air and silicone oil for all donors. The extensional relaxation time
measured for plasma (donor D3) is also shown. (b) Extensional relaxation time as a
function of the hematocrit. The dashed and dotted lines represent the averages measured

with the filament in air and in silicone oil, respectively.

TABLE II. Average values of the extensional relaxation times estimated for whole
human blood and human plasma. The relaxation times were measured using the samples

surrounded by air and by silicone oil.

Aair (115) Aoit (115)
Female 127+£36 224+42
(]
s B Male 105421 280435
= ©
Total 114430 259447
Plasma (D3) 4243 139415

The results obtained for whole blood filaments surrounded by air and by oil show that
there is no discernible differences between the extensional relaxation time measured for
female and male donors. The average value of A obtained when an outer liquid bath of
low viscosity silicone oil is used is roughly twice the value of A obtained for filaments
surrounded by air, in accordance to previous findings for polymer solutions [20]. For

16



filaments surrounded by air, evaporation of water from the sample can lead to a faster
decrease of the filament diameter in the elasto-capillary regime and consequently to a
lower relaxation time [20]. Moreover, interfacial phenomena can also occur when the

sample is surrounded by air, leading to a reduction of the relaxation time.

For human plasma, and in spite of its small elasticity, we also estimate the extensional
relaxation time, which is approximately half the value for whole blood, demonstrating

the importance of the red blood cells on the extensional behavior of whole blood.

In summary, the results suggest that the variation of the extensional relaxation time is
not significant for the range of Hct investigated, which corresponds to healthy humans
of both genders. Additionally, it is interesting to note that for an isolated RBC, the
relaxation time reported in the literature, measured by optical tweezers, and
micropipette aspiration among other techniques, is of the order of 0.17 £ 0.08 s [40].
The RBC relaxation time, defined as the time that a deformed RBC requires to recover
its original biconcave shape, is determined as the ratio of the elastic shear modulus and
the membrane surface viscosity [40]. However, the significant difference between the
relaxation time reported for a single RBC and the value found in this investigation for
whole blood is due to the nature of the deformations involved in the measurements. For
a single RBC, the characteristic relaxation time is based on RBC shear properties,
whereas here the measurement of the extensional relaxation time is performed in a pure

extensional flow.

In order to better visualize the movement of RBC in the filament, we performed
experiments in the oil bath using two fluids with a lower concentration of RBC. One
fluid is composed of 20 % (v/v) of erythrocytes in human plasma and the other fluid has

the same concentration of cells but dispersed in PBS. Figure 6a shows the time

17



evolution of the minimum filament diameter of such fluids as well as for whole blood,
plasma and for pure PBS.

As expected, there is a significant effect of the hematocrit on the thinning process since
a higher concentration of cells leads to an increased resistance during the filament
thinning, which delay the breakup. Moreover, for the same Hct, it is possible to observe
a clear difference between the thinning obtained for the RBC in plasma and in PBS. In
fact, the capillary thinning of the PBS based RBC sample shows Newtonian
characteristics, whereas the tensile stress due to the viscoelastic character in the
capillary thinning of the plasma-based sample delays the time to breakup. The presence
of proteins in the plasma promotes the viscoelastic character of this physiological fluid.

In fact, the concentration of proteins may lead to variations of whole blood rheology

[41,42].
(a) : : : , (b)
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FIG. 6. (a) Comparison of the minimum filament diameter as a function of time for
PBS, human plasma, a solution of 20% (v/v) of RBC in plasma, a solution of 20% (v/v)
of RBC in PBS and whole human blood (all surrounded by silicone oil). All blood
samples were collected from donor D3. The curves were shifted in time to match at
short times. (b) Sequence of images for the fluid composed of 20% (v/v) of RBC in
plasma. The experiment was conducted with the fluid immersed in the silicone oil in

order to reduce light refraction, and the time interval between each image is 122 ps.
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The time evolution of the filament thinning and breakup of 20 % (v/v) RBC in plasma is
presented in Fig. 6b. It is possible to observe a small level of RBC aggregation in the
samples of RBC in plasma (cf. Fig. 6b), whereas the samples of RBC in PBS do not
reveal significant aggregation. The presence of these RBC aggregates may also be a
reason for the modest increase of the time to breakup of RBC in plasma. As discussed
previously, a heterogeneous concentration of cells is detected in the filament, especially
near the breakup. Moreover, during the thinning process, and even though most cells are
progressively advected out of the filament and reach the end drops, as also observed by
Mcllroy and Harlen [34] for a particulate suspension, some cells remain in the central
part of the filament forming an elongated droplet. The higher viscosity of the particle-
rich zone means that it tends not to thin further. Even though the deformability of RBC
would suggest their deformation during the capillary thinning, such behavior was not
clearly visible in our experiments most probably because the typical time required by

the RBC to deform is higher than the required time for the filament to thin and breakup.

C. Effect of anticoagulant and effect of sample aging

In order to test the effect of the anticoagulant on the evolution of the filament of whole
blood, and consequently on the measured relaxation time, we also performed
experiments with a blood sample without adding anticoagulant. Blood was collected
directly to a disposable plastic syringe and a small sample of blood was transferred to
the measuring device in order to form the liquid bridge in the shortest possible time
(approximately within 1 min). Figure 7 shows the variation of the filament diameter
with time for two consecutive measurements performed using blood taken in the same
withdrawal as well as for a blood sample with anticoagulant. Images (a) — (d) presented

in Fig. 7 correspond to four instants in the first measurement and images (e) — (h)
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correspond to four instants in the second measurement, in both cases using the blood

sample without anticoagulant. All the events are indicated in the plot of Fig. 7.

1 T Ll
A with anticoagulant

[0 1" measurement without anticoagulant
i) . ¥ .
O 2" measurement without anticoagulant

(a) (b)

FIG. 7. Time evolution of the minimum filament diameter of whole blood sample with
(solid symbols) and without anticoagulant (hollow symbols). Images (a)-(d) correspond
to the first measurement without anticoagulant, whereas images (e)-(h) correspond to
the second measurement performed with the whole blood sample without anticoagulant.
Both blood samples with and without anticoagulant were collected from the same donor
(D3). The red solid lines in the plot represent the fit to determine the extensional

relaxation times. All measurements were performed in air.

For both measurements performed without anticoagulant, the filament thinning takes
longer than for the blood sample with anticoagulant and the breakup did not occur in the

course of the experiment. In the first measurement, the time evolution of the filament
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diameter shows two distinct quasi-linear regions: one for ¢+ < 17 ms, and the other for
t > 17 ms. The extensional relaxation time determined in the time interval between (a)

and (b) is 4 = 3 ms, whereas that for the interval between (c) and (d) is A = 83 ms. It is

important to note that for ¢ > 25 ms, the variation of the filament diameter is very

small (~ 1.5 um). At this stage, the surface-to-volume ratio increases significantly
leading to the formation of a rigid structure in the filament, possibly due to coagulation
and to an increase in mass transfer between the filament and the surroundings air
(filament drying). Hence, a comparison between the relaxation times for both regions
suggests that coagulation of blood leads to a significant increase of the extensional
relaxation time.

In the subsequent measurement with blood collected in the same withdrawal, and
carried out approximately 6 min after blood collection, the loaded blood sample showed
an extensional relaxation time of A = 2 ms, estimated from the time interval between

points (e) and (f). In this second experiment, we verified that for # > 6.5 ms, a bead is

formed in the filament and its shape remains nearly unchanged up to the end of the

experiment, perhaps due to clot formation in that region.

In summary, the absence of anticoagulant increases the value of the extensional
relaxation time by about one order of magnitude, to a value which is close to the values
reported by Brust ef al. [19]. These results can reveal that the discrepancies between the
extensional relaxation time of whole human blood found in the two works can be
explained by the differences in the protocols used.

It is important to mention that even in some experiments using blood samples with
anticoagulant a thin filament remained for a long period at the final stage of the thinning

process. This phenomenon seems to occur randomly and may be related with the
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formation of a protein surface layer at the air-blood interface [39], which in this case
leads just to a modest increase (around 30%) of the value of the measured relaxation

time.

In order to assess the effect of aging, we use again the regular collection procedure and
a blood sample was adequately stored at 4°C in a test tube containing anticoagulant
(KsEDTA) for a period of 24h. Figure 8a compares the time evolution of filament
diameter for whole blood and plasma samples measured just after blood withdrawal and
24h later. In order to obtain the 24h old plasma sample, a tube containing the whole
blood sample was allowed to stand at 4°C for a period of 24h so that blood cells could
settle down at the bottom of the tube due to gravity and the upper liquid layer in the
tube, corresponding to plasma, was carefully removed and used in the experiments. In
Fig. 8a we also show the diameter profile obtained using the reference Newtonian fluid.
In these experiments, all filaments are surrounded by air.

Aging of the whole blood sample and of the plasma sample affects the diameter profiles
and consequently the extensional relaxation times. In fact, the breakup time of the
filaments, for the 24h old blood sample and for the 24h old plasma sample, decreases as
well as the measured value of the extensional relaxation time. The same observations
were obtained from measurements in which the filament is surrounded by oil (not
shown here). It is possible that RBC experience changes in their rheological and
mechanical properties with time [43] when, outside the circulatory system as a
consequence of interfacial phenomena, resulting in hardening of RBC, and

consequently decreasing their capability to deform.
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FIG. 8. (a) Variation with time of the minimum filament diameter for whole blood,

human plasma and a Newtonian fluid (aqueous solution of 23.6 wt.% glycerol). The

hollow symbols represent the results obtained with fresh samples and the solid symbols

represent the results obtained with 24h old samples. The solid lines represent the fits

used to determine the extensional relaxation times. The curves were shifted in time to

match at short times. Whole blood samples were collected from donor D9 and human

plasma was collected from donor D3. Photographs of the filament breakup for: (b) a 24h

old whole blood sample (time between the two frames is 153 ps); (c) a 24h old plasma

sample (time between the two frames is 75 us); (d) a Newtonian fluid (time between the

two frames is 61 ps). All measurements were performed with the filament surrounded

by air.
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In each of Fig. 8b, 8c and 8d we show two representative images of the filaments during
the thinning process for a 24h old blood sample, a 24h old plasma sample and for the
Newtonian fluid, respectively.

As discussed in Section III. B, the breakup of the whole blood filament occurs in a
plasma-rich zone due to the variation of the RBC concentration. In contrast, the breakup
of the plasma bridge occurs at the top and bottom of the filament, where a thin fluid tail
is formed as illustrated in Fig. 8c, which also differs from the Newtonian counterpart

(Fig. 84).

IV. Conclusions

Capillary breakup experiments were used to investigate the elongational flow of whole
human blood. In addition, the temporal evolution of human plasma and of a Newtonian
fluid, with a shear viscosity similar to that of plasma, were also investigated. Due to the
small relaxation time of blood in uniaxial extensional flow, we combined the slow
retraction method with high-speed imaging techniques and a sub-pixel technique for the
measurement of the filament diameter evolution with time. The thinning dynamics of
all samples were investigated for capillary bridges surrounded by air and by an
immiscible low viscosity silicone oil. The use of the immiscible oil reduces liquid loss
by evaporation and allows the visualization of blood cells inside the filament, while also
avoiding the formation of a protein surface layer at the air-water interface as reported by
Jaishankar et al. [39]. For the range of hematocrit levels investigated, the average
extensional relaxation times measured in air and in oil are 114430 pus and 259447 us,
respectively. The extensional relaxation time found for human plasma is approximately

half of the value for whole human blood. Moreover, the capillary thinning of RBC in
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plasma shows viscoelastic characteristics, oppositely to RBC in PBS, due to the
presence of proteins in the plasma. Hence, it would be important to investigate in future
works the relation between protein concentration and the extensional relaxation time of
human plasma, as well as the effect of protein concentration on the formation of RBC

aggregates and on the extensional relaxation time of whole blood.

For the conditions investigated and the protocol employed in this work, we concluded
that whole blood behaves as a slight viscoelastic fluid in extensional flow, with some
similarities to the behavior of a particulate suspension during the filament thinning. In
particular, near the filament breakup, the cell concentration becomes heterogeneous and
the plasma-rich zones thin faster due to the decrease in local apparent viscosity.
Moreover, the results show that aging of whole blood reduces the extensional relaxation
time and therefore this should be considered when planning protocols for future

investigations.
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