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A particulate blood analogue based on artificial
viscoelastic blood plasma and RBC-like
microparticles at a concentration matching the
human haematocrit
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There has been enormous interest in the production of fluids with rheological properties similar to those
of real blood over the last few years. Application fields range from biomicrofluidics (microscale) to
forensic science (macroscale). The inclusion of flexible microparticles in blood analogue fluids has been
demonstrated to be essential in order to reproduce the behaviour of blood flow in these fields. Here, we
describe a protocol to produce a whole human blood analogue composed of a proposed plasma
analogue and flexible spherical microparticles that mimic the key structural attributes of RBCs (size and
mechanical properties), at a concentration matching the human haematocrit (~42% by volume).
Polydimethylsiloxane (PDMS) flexible microparticles were used to mimic RBCs, whose capability to
deform is tunable by means of the mixing ratio of the PDMS precursor. Their flow through glass
micronozzles allowed us to find the appropriate mixing ratio of PDMS to have approximately the same
Young's modulus (E) as that exhibited by real RBCs. Shear and extensional rheology and microrheology
techniques were used to match the properties exhibited by human plasma and whole blood at body

Received 15th July 2022, temperature (37 °C). Finally, we study the flow of our proposed fluid through a microfluidic channel,

Accepted 2nd September 2022 showing the in vitro reproduction of the multiphase flow effects taking place in the human
microcirculatory system, such as the cell-free layer (CFL) and the Fahreeus—Lindqvist effect. A macro-

scale application in the field of forensic science is also presented, concerning the impact of our blood
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rsc.li/soft-matter-journal analogue droplets on a solid surface for bloodstain pattern analysis.

1 Introduction

The use of human blood in fields from biomicrofluidics to
forensic science complicates the scientific experimental studies
due to diverse problems such as coagulation, sample storage
and disposal, and ethical and economic issues.

Enormous interest in the production of fluids with physio-
logical and rheological properties similar to those of real blood
has been generated in the last few years to conduct in vitro
experiments for biomedical applications at the microscale and
macroscale [see Fig. 1(a)]. The development of blood analogues
would allow in vitro-studies that would be very helpful in the
design and testing of therapy strategies and medical devices to
be performed."” Several liquid mixtures and solutions have
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been considered for mimicking blood, and lately, there have
also been attempts to create particulate suspensions." The
addition of small sized flexible particles to blood analogues
to mimic Red Blood Cells (RBCs) has been demonstrated to be
essential to reproduce the multiphase effects taking place in a
microcirculatory system, such as the cell-free layer (CFL) and
Fahrzeus-Lindqvist effect or even for drug delivery.> Moreover,
other capabilities such as their ability to reproduce transport-
oxygen properties or the necessity to mimic the surface charge
of these cells have also been explored.”

In the forensic science field, although commercial blood
simulants have been created for bloodstain pattern analysis
(see Fig. 1b), the high rigidity of the microparticles used in their
formulation hinders the accurate reproducibility of the beha-
viour of a simple blood droplet impacting onto a solid surface.’
The capacity to deform (energy dissipation) the RBC-like
microparticles seems to be the key to be able to reproduce
more accurately the human blood spreading and splashing
behaviour.”

Therefore, one of the key properties of the particles or
capsules used to mimic RBCs is their deformability. The

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Microfluidics as a platform to mimic and study blood flow in the
human microcirculatory system (a). Bloodstain pattern analysis in forensic
science (b).

deformation index DI and the elastic modulus E have fre-
quently been used to evaluate it. Several attempts have been
made to estimate the RBCs’ elastic modulus, mostly using
atomic force microscopy,®™" though it is not uniform over their
surface.® It has been shown that the measured value depends
on several aspects, such as the procedure to prepare the
sample,'® the sample storage time,” and even the particular
blood donor.® For that reason, reported healthy RBCs mean
that the elastic modulus ranges from 1 to 30 kPa. Polydimethyl-
siloxane (PDMS) microparticles are known to show very high
deformability.">™* For this reason, they are good candidates to
mimic RBCs’ behavior. PDMS is produced from the mixture of
two components: the siloxane base and the curing agent, and
the resulting properties depend on the ratio of the precursors in
the mixture.

In this paper viscoelastic fluids mimicking the non-
Newtonian properties of real human plasma (shear viscosity
and viscoelastic moduli) were carefully developed. The produc-
tion and addition of flexible spherical PDMS microparticles
that mimic the key structural attributes of RBCs (size and
mechanical properties), in 42% by volume (similar to the
human haematocrit), provided a new blood particulate analo-
gue fluid. Shear and extensional rheology and microrheology
techniques allowed us to match the properties exhibited by
human plasma and whole human blood at body temperature.
To evaluate the flow and mechanical properties of the
particulate blood analogue fluid, the cell (particle) free layer
(CFL/PFL) in a microfluidic channel with an important con-
striction (microstenosis) and the droplet impact for bloodstain
pattern analysis were analysed at micro and macroscales,
respectively.

This journal is © The Royal Society of Chemistry 2022
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2 Materials and methods
2.1 RBC-like PDMS microparticles

The two-syringe membrane emulsification technique (2SME)"?
was used for fabricating polydimethylsiloxane (PDMS) particles
[see Fig. 2(a)]. First, we prepared a mixture of the siloxane base
(Part A) and the curing agent (Part B) (Dow Corning SYLGARD
184 Silicone Elastomer) at the desired weight ratio (precursor to
curing agent) and stirred it manually for ten minutes. Then, we
loaded 1 ml of the PDMS precursor mixture into one syringe
and 5 ml of distilled water with a surfactant (3 wt% sodium
dodecyl sulfate, SDS) on the opposite. The addition of the
surfactant prevents the sedimentation and flocculation of the
particles. The emulsion was produced with five back and forth
flow cycles through a 10 pm pore size filter. To cure the PDMS,
we placed the emulsion on the heater with a standard magnetic
stirrer at 70 °C for 3 hours, and then we waited for 24 hours for
it to reach room temperature. The final particles proportion in
the suspension was 1.65 £ 0.24 wt% (calculated by drying
different samples).

For each deformation assessment, we prepared the particle
solution and then modified the liquid phase by adding Dex-
tran 40 (10 wt%) to use the same liquid phase as the RBC
suspension (dextran is used to preserve the RBC properties)
and rhodamine B to improve particle visualization in the
experiments. The solution was injected through a fire-shaped
nozzle™ to evaluate the deformability of RBCs, and to
compare it with that of PDMS particles produced with different
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Fig. 2 (a) Elements of the two-syringe membrane emulsification techni-
que (2SME) used to produce PDMS microparticles: two plastic syringes of 5
ml (A), tubing and connectors (B), and an inline filter/membrane (C)
composed of a column (C1) and a frit (C2).* (b) Visualization of the
microparticles flowing through a glass micronozzle (above) and deforma-
tion index (DI) definition (below).*® Figures (a) and (b) reproduced from
Lopez et al.'® with permission from Elsevier.
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precursors ratios. We used a micronozzle with a neck diameter
of 66 + 3 um and a flow rate Q of 5 pl min~* and measured the
deformation at the neck. The experimental setup used to
observe the deformation of the flexible particles and cells
while flowing along the nozzle was the same as that described
in ref. 13.

For the RBC suspension preparation, a blood sample from a
healthy donor was collected and ethylenediaminetetraacetic
acid (2K EDTA) was added to prevent coagulation. The sample
was stored hermetically at 4 °C and later centrifuged to separate
the RBCs from the bulk blood. Then, RBCs were resuspended
and washed with physiological salt solution (PSS) and centri-
fuged several times again. To maintain the cell homeostasis
and avoid sedimentation, 1% by volume of healthy RBCs were
redispersed by slow stirring in a 1 M solution composed of
5 g of Dextran 40 powders (Sigma-Aldrich), 7.35 ml of NaCl,
201 pl of KCl, and 68 pl of CaCl,H,0.°*8

The deformation index (DI) shown in Fig. 2(b) was used,
where X is the length of the particle along the nozzle/capillary
axis and Y the corresponding value in the normal direction. In
each experiment, 100 particles/cells moving along the nozzle
centerline (+5 um) were measured when crossing a particular
section (£33 um). Fig. 2b also shows the measurement region
at the neck section. The particle/cell dimensions were obtained
manually at the pixel level, and Chauvenet’s criterion was used
to identify and reject outliers.

The RBCs in our experiments can be assumed to be aligned
with the flow direction, i.e., with the nozzle axis x (see Fig. 3). If
the flow were perfectly axisymmetric, then the RBC orientation
angle ¢ formed with the y axis would take values in the interval
[0,21t] with an equiprobable distribution. In this case, the mean
value of the apparent particle length Y,,, of RBCs randomly
chosen is

2n
(Yapp) = %JO [(Y —2R)cos ¢ + 2R]do. (1)

Eqn (1) allows one to calculate Y from the value of (Y,,p)
measured in the experiment. The result differed by about 8%
from the value measured with the method described above,
which constitutes a consistency test for our measurements.

R+R sen(op)
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Fig. 3 Sketch of RBC visualization.
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2.2 Formulation of the working fluids

Fig. 4 schematises the formulation of the different working
fluids: a base Newtonian solution of 85 wt% water (W) and
15 wt% dimethyl sulfoxide (DMSO)' with the addition of
50 ppm polyethylene oxide (PEO) with different molecular
weights M,, [600 kDa (PEO600K), 2 MDa (PEO2M), 4 MDa
(PEO4M) and 8 MDa (PEO8M)] were prepared in order to confer
the required viscoelasticity which mimics that of human blood
plasma®®?! (de-ionized water and PEO were purchased from
Sigma Aldrich, and DMSO from Merck); a particulate viscoelas-
tic fluid was prepared with the base solution and with the
addition of the aforementioned PDMS microparticles at a
concentration of roughly 42 wt%, ie., matching the human
haematocrit (Hct), to reproduce the rheological behavior of
whole human blood. It was confirmed that the blood analogue
preserves the properties for about one month when it is
properly stored in a fridge.

The density p of the tested fluids was measured with a
pycnometer of 10 & 1 ml and a precision balance. Table 1
shows the experimental results and the typical values of the
density of human plasma® at 20 °C, and RBCs and whole
blood*® at 37 °C: 1027, 1095 and 1047 kg m >, respectively.

The surface tension y, a relevant property for the droplet
impact application presented in Section 3.6, was also measured
using the Theoretical Interface Fitting Analysis (TIFA)
method,” resulting in a value of 38 mN m ™" for the particulate
viscoelastic fluid DMSO/W-PEO4M,;s.;, near to the value of
human blood of around 52 mN m™ "' from the literature.”®*”
Steady shear, extensional rheology and microrheology experi-
ments were used to compare the properties exhibited by
human plasma and whole human blood with that of the work-
ing fluids.

2.3 Steady shear rheology

A stress-controlled rotational rheometer (Anton Paar Physica
MCR 301) was used to obtain the steady shear viscosity, 7, as a
function of the shear rate, 7 for all the fluid samples (Fig. 9). A
plate-plate geometry (PP50) with a radius of R = 25 mm and a
gap of 7 = 100 um, was used to obtain reliable data in a wide
range of shear rates. The temperature within the fluid volume
was set at 20 °C and controlled by a Peltier cooling system.
Steady-state viscosity curves were obtained from 1 to 10 000 s~ .
At least three independent measurements were performed to
ensure the reproducibility of the results; trends were consid-
ered significant when means of the compared sets differed at
P < 0.05 (Students t-test). The range of shear rate providing
reliable data was set for each sample between the limit of the
rheometer sensitivity (low-shear rate limit) and the onset of
inertial instabilities (high-shear rate limit).*®

It should be pointed out that although serrated plate-plate
geometry was used to conduct steady shear rheology with
suspensions in previous studies,'*?° a protrusion flow (at high
shear rates) can result in non reliable data.*® Relatively low
viscous suspensions should be analysed with geometries hav-
ing smooth surfaces, plate-plate geometry.*’

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Production, curing and centrifugation of the suspension with PDMS microparticles (Section 2.1). (b) DMSO/water solution (15/85 wt%) with

50 ppm of PEO at different molecular weights M,,. (c) Particulate viscoelastic fluid (around 42 vol% of microparticles).

Table 1 Densities (p) of the working liquids, particles, and whole disper-
sions at 20 4 2 °C (RBCs, and whole blood at 37 °C). The PDMS densities p
for each mixing ratio were estimated from Hocheng et al.>* The rest of the
data came from the manufacturer or literature, or were obtained experi-
mentally in the laboratory

PEO PDMS

M, ¢ DMSO* “Het”? p

(kDa) (wt%) (wt%) Ratio (vol%) (k gm™®)
Blood plasma*? - - = - - 1026.6 + 0.3
DMSO/W-PEO600K 600 0.005 15 - — 1012.0
DMSO/W-PEO2M 2000 0.005 15 - - 1012.8
DMSO/W-PEO4M 4000 0.005 15 - — 1013.0
DMSO/W-PEOSM 8000 0.005 15 - — 1013.0
RBCs* - - = - - 1095 + 2
PDMS 30:1 - - 30:1 — 1050.0
PDMS 45:1 - - = 45:1 — 1050.0
PDMS 60: 1 - - = 60:1 — 1050.0
Whole blood*? - - = - - 1047 + 6
DMSO/W-PEO600K5,; 600  0.005 15 45:1 42 1015.0
DMSO/W-PEO2M,5,; 2000 0.005 15 45:1 42 1015.0
DMSO/W-PEO4M,5,; 4000 0.005 15 45:1 42 1015.1
DMSO/W-PEO8M,5,; 8000 0.005 15 45:1 42 1015.3
DMSO/W-PEO8M;,.,; 8000 0.005 15 30:1 42 1015.2
DMSO/W-PEO8Mgo.,; 8000 0.005 15 60:1 42 1015.3

“ DMSO-water solution. ” Microparticle volume fraction or, equiva-
lently, “haematocrit” (Hct).

2.4 Extensional rheology

A custom-made capillary breakup extensional rheometer was
used to obtain the extensional relaxation time 1., see Fig. 5(a),
for all the working fluids. The experimental setup and proce-
dure used for this purpose are described in detail in Sousa
et al.>">" Briefly, a liquid bridge about 500 um in length with
the triple contact lines anchored to the edges of the supporting
rods was formed, and filament thinning was induced by using
the slow retraction method (SRM).** The subsequent filament

This journal is © The Royal Society of Chemistry 2022

thinning and breakup was recorded using a high speed camera
(Photron, Fastcam SA5) up to 50000 frames per second, as
illustrated in Fig. 5(b). The particle sedimentation was insig-
nificant during our extensional rheology experiments.

The images were processed to determine the filament dia-
meter d with a sub-pixel resolution technique.**** By plotting
the diameter data as a function of time in a semi-log scale, one
can straightforwardly identify the time interval within which
the diameter decays exponentially. This interval corresponds to
the elasto-capillary regime, where the balance between tensile
stresses and surface tension produces the homogeneous
stretching of a quasi-cylindrical thread. The time evolution of
the filament diameter d in this regime was fitted using the
exponential function®?

d(t) = Ae G, (2)

in order to calculate the extensional relaxation time A.. Each
experiment was conducted five times to assess the reproduci-
bility and to estimate the standard deviation.

2.5 Multiple particle tracking microrheology

Multiple particle tracking (MPT) microrheology was performed
as previously described.”” MPT is a passive microrheological
technique in which the Brownian motion of probe particles is
measured and related to bulk rheological properties using the
generalised Stokes-Einstein relation (GSER) by

3na

J(e) = AR (), ()

where J is the creep compliance, 7 is the lag time, kT is the
thermal energy, d is the number of spatial dimensions, a is the
probe radius and (Ar?) is the two-dimensional (d = 2) ensemble-
averaged mean-squared displacement (MSD) of the particles
undergoing Brownian motion over time, 7.>%%’

Bulk rheology can be inferred from the passive bead trajec-
tories using the real and imaginary components of the

Soft Matter, 2022, 18, 7510-7523 | 7513
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Fig. 5 (a) Detailed view of the test cell used for the uniaxial extensional rheology measurements, exactly the same configuration used in Sousa et al.?* for
human blood. The sample was placed in between the rods with an initial gap of about 500 um. To induce filament thinning, the slow retraction method>?
was used (at a constant velocity of 10 pm s73). (b) Sequence of images of the evolution of a filament of the particulate viscoelastic fluid DMSO/W-

PEO4Mys.4, the time interval between each image is 140 ps.

frequency-dependent complex shear modulus G* = G’ + iG” and
Euler’s formula with

dk T explina(l/w)/2]

)~ el AA () L+ a1 f)]

(4)

where I' designates the gamma function, w = 1/t is angular
frequency and o is the logarithmic slope assumed for the
MSD.*®

Monodisperse PMMA microspheres with (nominal) radius
a =3 pum are added to the fluids at a concentration of 0.05% (w/w)
and used as tracer particles (Spheromers CA6, Microbeads AS).
MPT microrheology measurements are taken for each equili-
brated solution (sample volumes of roughly 260 pl) pipetted
into the sample chamber (137-1-40, Hellma Analytics). The
openings of the chamber are then sealed to prevent the sample
from being in contact with ambient air and, therefore, avoid
bulk flow (or drift) and/or evaporation. Particle motion was
observed at room temperature (19.4 £ 0.2 °C), resulting in a
reference fluid temperature (Tief ~ 20 °C) inside the chamber
of 20.8 + 0.3 °C. Bright-field optical video microscopy with a
high-speed CMOS camera (FASTCAM UX100, Photron) is used
to capture the movement of the probe particles at 63 x magni-
fication using an inverted microscope (DM IL LED, Leica). Data
are collected at f= 125 fps and ¢ = 8 ms exposure time for 3750
frames (30 s). The probe positions are tracked by an image
processing algorithm and two-dimensional particle trajectories
are formed by linking the probes found in consecutive video
frames.*® Data were taken at different positions in each sample
to check them for spatial heterogeneity—i.e. ensure that rheo-
logical properties do not vary spatially—and de-drifted (con-
vective drift and vibration can introduce errors).*” The MSD
values were calculated at various lag times using unbiased
estimates derived elsewhere.”! The apparent motion of immo-
bilised tracer particles was measured to determine the noise
floor and a resolution of about 10™* um? in (Ar?) was obtained,
which was used to correct the estimated MSD of the probes for
static errors from camera noise.***?

7514 | Soft Matter, 2022, 18, 7510-7523

3 Results and discussion

3.1 Morphology and mechanical properties of the
microparticles

Fig. 6 shows the DI at the nozzle neck for PDMS particles
fabricated with different ratios of the precursors and for
healthy RBCs. The PDMS precursors ratio (% wt, siloxane base
to curing agent) was varied from the standard 10:1 to 60:1.
Above the latest ratio, the material did not crosslink and
remained as a highly viscous liquid. The observed deformabil-
ity increased with the ratio, and became close to that of the
RBCs for the larger ones.

Fig. 7 shows the correlation between the deformation index
and the elastic modulus. The dotted line indicates a possible
potential fit line for PDMS particles to predict the relationship
between both parameters for the measurements in a micro-
nozzle with a neck diameter of 66 + 3 pm and a Q of 5 pl min?,
under the conditions mentioned in Lopez et al.'® The elastic
modulus reported for the largest ratio is also close to that of
RBCs. Finally, Fig. 8 compares the size of the RBCs and that of
the PDMS particles for 45:1 and 60:1 ratios. The bars repre-
sent the probability distribution of the RBCs’ larger dimension
Drpc(red) and the particle diameter Dj(grey). The mean size of
the particle for both ratios matches with that previously
reported for the particle fabrication method for lower ratios."?
However, there is a significant higher heterogeneity in size for
60:1 than the 30% reported for this particle fabrication
method using lower precursor ratios,'® probably because of
the crosslinking disparity due to the low proportion of the
curing agent. Nevertheless, these results show that PDMS
particles fabricated with 45:1 or 60:1 ratios may be adequate
candidates for mimicking RBCs’ deformability and, hence, to
develop viscoelastic particulate blood analogues.

3.2 Shear rheology

The steady shear viscosity of the viscoelastic base solutions for
different PEO molecular weights M,, is shown in Fig. 9(a). In

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Deformation index of PDMS particles produced with different
precursor ratios (Part A: Part B) and healthy RBCs. The insets show images
of PDMS particles (30: 1) and RBCs flowing through our micronozzles.
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Fig. 7 Deformation index DI of PDMS particles produced with different
precursor ratios (Part A:Part B) and human healthy RBCs versus the
literature elastic modulus E. The red symbol corresponds to the most
accepted value for the mean elastic modulus E of RBCs and the red striped
region points out the range of E values for human RBCs in the literature.
The dotted line shows a possible fitting to the PDMS particle values.
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general, all samples present an almost constant viscosity in
agreement with the dilute regime of the PEO solutions
prepared.”® The viscosity value observed at high shear rates
(1), varies slightly from 1.33 £ 0.01 mPa s to 1.42 + 0.01 mPa s,
corresponding to the solutions with 50 ppm of PEO of 600 kDa
and 8 MDa, respectively. It is the sample prepared with PEO with
the lowest molecular weight that is able to match the value of the
estimated zero shear viscosity, 1, obtained for human blood
plasma at 37 °C by Brust et al®® with a value of 1.34 mPa s
(shown as grey line in Fig. 9a).

When 42 vol% of the fabricated PDMS particles with differ-
ent PDMS mixing ratios, corresponding to the particles with
similar DI to that of RBCs (PDMS 30:1, 45:1 and 60:1), are
added to the base viscoelastic solution DMSO/W-PEO8M, the

This journal is © The Royal Society of Chemistry 2022
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viscosity values increased, and also a shear-thinning behaviour
(a decrease of viscosity as a function of shear rate) can be
observed for all samples as a result of the initial aggregation
and consequent disaggregation of the PDMS particles during
flow [Fig. 9(b)]. The mechanism responsible for the shear-
thinning behaviour has motivated many studies in the last
few decades on several systems as Brownian colloidal suspen-
sions and non-Brownian suspensions, and for rigid and less
rigid microparticles. The shear-thinning behaviour of our sus-
pensions (in the limit of non-Brownian suspensions) could be
mainly caused by the presence of adhesive forces between
particles, as reported by Gilbert et al.*’ in their study on PDMS
suspensions. When these adhesive forces are presented, the
shear-thinning behaviour appears because of the formation of
agglomerates that break down when the deformation is
increased, leading to a reduction of these structures into units
and thus decreasing the viscosity with the shear rate,*® as in the
case of blood. Nevertheless, the value of the viscosity and the
degree of shear-thinning is different according to the deforma-
tion index of the particles. The highest values of the viscosity at
low shear rates correspond to the solution with less deformable
particles (a PDMS precursor mixing ratio of 30:1), maybe
related to the fact that these particle are able to resist more
the shear stress leading to a disturbance flow that increases the
viscous dissipation rate.*”*®

To further understand these results, the ratio between
viscous and elastic forces, denoted as the capillary number
Ca, which is the most important dimensionless number that
takes into account the deformability of the particles, was
analysed. The capillary number Ca can be written as follows:

Ca=— (5)

where ¢ is the shear stress and FE the elastic modulus of the
particles.*

Under flow, high values of Ca mean that particles are more
sensitive to the variation of the shear rate leading to a change in
their shape.>

The highest Ca corresponds to samples with particles with a
mixing PDMS ratio of 60:1 (Ca®*" > Ca*' > Ca’*'). The
ability to better deform provokes a higher number of particles
to migrate to the area where the shear rate is low, and as a
result the viscosity of the suspension decreases in comparison
with that of the samples with particles of lower mixing ratios.

Moreover, Fig. 9(b) allows one to check the effect of the
viscoelastic base solution (potential plasma analogue) on the
shear viscosity results; as can be observed, the curves for
DMSO/W-PEO8M,s5.; and DMSO/W-PEO4M,;.; practically over-
lap. The presented results indicate that shear rheology depends
mostly on the PDMS mixing ratio of the particles, rather than
on PEO molecular weight.

The shear viscosity curve for the whole human blood** is
also presented in Fig. 9(b). For a wide range of shear rates, the
base viscoelastic solution with PDMS particles of ratio 45:1
seems to match reasonably with that of the real human blood.
Nevertheless, even when the viscous behaviour showed in the

Soft Matter, 2022, 18, 7510-7523 | 7515
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Fig. 8 Probability distribution of the resting size of healthy RBCs P(Dgrgc) (red bars) and PDMS particles P(Dy) fabricated with the precursor ratios, part

A:part B, 45:1 (a) and 60:1 (b) (striped bars).
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Fig. 9 Steady shear viscosity curves at 20 °C. (a) Viscoelastic base solu-
tions at different molecular weights of PEO in comparison with the
viscosity of human blood plasma at 37 °C Brust et al.,2° (b) shear viscosity
for the viscoelastic base solution (DMSO/W-PEO8M) and the particulate
viscoelastic solution with different PDMS mixing ratios of the added
particles in comparison with the viscosity of human blood at 37 °C.**

viscosity curves is close to the viscous behaviour of
human blood, the elastic contribution cannot be underesti-

mated. In the following sections, uniaxial extensional flow and
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microrheology experiments will be discussed to understand the
elastic behaviour of the working fluids to be compared to that
of the human blood and human blood plasma.

3.3 Extensional relaxation times

Fig. 10 depicts the extensional relaxation time Z. as a function
of molecular weight M,, of the polymer (PEO) used in our
working fluids (see Table 1). The results are compared to those
of human plasma and blood from the literature, at 37 °C*° and
21 °C.*" Note that the very weak viscoelastic character of human
plasma/blood obtained in Sousa et al.>’ contrasts with the
previous observations in Brust et al®* The different experi-
mental conditions, such as the concentration of anticoagulant
used in blood collection may explain these significant differ-
ences according to Sousa et al.>' The results in Fig. 10 exhibit a
power law dependence of i. on the molecular weight M, in
agreement with the previous studies on other polymeric
solutions.>"*> Moreover, the addition of the PDMS microparti-
cles (around 42 vol%) to the plasma analogues does not modify

10 g
&
00 | Brest201367°0) » |
<* ’
-1 :
10 F 6": Sousa 2018 (21 °C) 3
10-2 1 1
10° 10° 10’ 10°
PEOM _(g/mol)

Fig. 10 Extensional relaxation time 1. versus M,, of the PEO used.
Viscoelastic base solutions (white circles) and particulated viscoelastic
solutions (around 42% by volume of particles, black triangles). Lines depict
the results of the extensional relaxation time for human plasma (blue) and
whole blood (red), from Brust et al.2° (solid line) and Sousa et al.?! (dash
line). The experiments were conducted in air, at 22 &+ 2 °C. The dot line is
the fitting Je = 2 x 107 M,,1%*2 to the experimental results without
particles (with /. and M,, measured in ms and g mol™, respectively).

This journal is © The Royal Society of Chemistry 2022



Paper

substantially the results of 1. without particles, different from
what actually happens between plasma and whole blood, where
RBCs contributed clearly to the increase of Z.. Particles with
RBC-like morphology may behave differently from their sphe-
rical counterparts concerning their physical performances
(attachment, adhesion performance, orientation, etc.) giving
rise to this different behaviour under an extensional flow.

As can be observed, the viscoelastic fluids prepared with a
PEO of M,, =4 MDa (4 x 10° g mol~") show the best agreement
with the results for human plasma and blood presented in
Brust et al.>® However, the working fluids with a PEO of M,, =
600 kDa (6 x 10° g mol~ ') match better with the results from
Sousa et al.>" In spite of the different time scale and tempera-
ture, the breakup of the solution DMSO/W-PEO4M,s.;, pre-
viously showed in Fig. 5(b), is similar to that of human whole
blood in Sousa et al.>' Therefore, the elasticity of the plasma
and blood analogue fluids is tunable by means of the addition
of PEO with a suitable M, allowing elasticity to be adapted for
special cases, for example, the variation of the haematocrit due
to sickness.>

Soft Matter

3.4 Linear viscoelasticity

The diffusive behaviour of the polymer solutions (or plasma
analogues) with increasing PEO molecular weight M,, was studied
by quantifying the random walk dynamics of embedded colloidal
probe beads, characterised by the ensemble-averaged MSD, ie., a
time-dependent quantity related to the diffusion coefficient D by
(Ar®) = 2dDr in a Newtonian fluid [Fig. 11(a)]. At short timescales,
the motion of the particles is sub-diffusive—i.e., the hallmark of
viscoelastic behaviour—with power-law exponents lower than
unity, consistent with the values of longest relaxation time /.
determined under uniaxial extensional flow: ogy < oy < tlopm <
os0ok < 1. The elastic response is due to the relaxation of the
polymers in solution. With increasing PEO molecular weight the
MSD decreases and the range of times with a sub-diffusive scaling
exponent (¢ < 1) becomes slightly wider, since the polymer coils
take a longer time to relax. The slope of the MSD then exhibits a
crossover to diffusive behaviour as it increases to reach a value of
unity (x — 1). At longer times, away from the noise floor, the
MSDs exhibit a linear trend as a function of lag time (o = 1),
indicating that the motion of the tracer particles is purely diffusive

107t

(Ar?) (um?)

DMSO/W-PEOSM
DMSO,/W-PEO4AM
DMSO/W-PEO2M
DMSO/W-PEO600k
BPI’;ody

BP:ef

Ll

102
_1)

1

101

G (Pa)

102

Fig. 11 Linear rheological response obtained from MPT microrheology for particles moving in artificial and (*) native blood plasma (BP).?2 (a) Ensemble-
averaged MSD as a function of lag time . The slope marker indicates the scaling (Arz) oc 7 at the purely viscous long-time limit of the MSDs. Error bars are
not shown on MSD plots for clarity. The noise floor is roughly 10™* pm? (not shown). Increasing PEO molecular weight results in decreased MSD of
particles. (b) Real and imaginary parts of the inferred complex shear moduli G* (lower and upper plots, respectively) by comparison with human plasma at
37 and 20 °C (red and blue datasets, respectively). (c) Comparison of absolute (black leftmost axis) and scaled (red middle axis) shear moduli at a fixed
frequency (w ~ 60 rad s, and viscosity (green rightmost axis). Increasing PEO molecular weight results in increased viscosity and shear-thinning
behaviour.
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and the microenvironment surrounding them responds like
a viscous (or Newtonian) fluid. At such long timescales,
particles are able to diffuse through the molecular network
at rates limited by the viscosity 5, of the complex fluid: 75™ >
o™ > neM > yne®°%. Here, by fitting the data to MSD = 4Dt
(for d = 2) we obtain a diffusion coefficient, which can then be
used to determine the zero-shear viscosity. Ensemble-
averaged van Hove correlation functions of the microspheres
mixed in the polymer solutions for different values of lag
time are well fit to a Gaussian (data not shown), indicating a
homogeneous environment.>*

Fig. 11(b) shows the viscoelastic moduli G’ and G” as a
function of angular frequency w over roughly two orders of
magnitude in frequency. MPT measurements have been per-
formed in the frequency range of 1-125 rad s ', where the
upper limit is given by the acquisition rate f of the camera. For
all solutions and times/frequencies investigated, it was found
that G’ > G, ie., dissipation dominates storage in the
exchange of thermal energy between the probe particles and
the medium. It is worth noting that in the case of G’, absolute
values are in rather good agreement with those determined by
Rodrigues and co-workers from MPT measurements on actual
plasma at a reference temperature of about 20 °C (BPg).>>
Conversely, they seem to diverge from those obtained at body
temperature (BPpody). This mismatch in G'—i.e., in elastici-
ty—shows that to more accurately model the frequency-
dependent linear viscoelastic properties of human blood
plasma at 37 °C (body temperature) a slightly lower PEO
molecular weight and/or concentration should suffice, with
little to no solvent tweaking required (namely of the DMSO-
water mixture) in light of the quantitative agreement in G”
already expected from the viscosity curves. Such an agreement
becomes more apparent by plotting G”/Gjp at a given fre-
quency [Fig. 11(c), red middle axis], with values approaching
unity (dotted line) for all PEO molecular weights. The zero-
shear viscosity 7, of the polymer solutions has been determined
using a wall-effect corrected form of the classic Stokes-Einstein
equation evaluated at the purely viscous long-time slope (t ~ 1 s)
of the MSDs [Fig. 11(c), green rightmost axis].>> At about
1.5 times that of water, the viscosity values obtained from
MPT microrheology are consistent with steady shear rheology
using a rotational rheometer. The specific viscosity ns, =
no/ms — 1 scales as 1y, oc My>" ', where 5y ~ 1.30 cP is the
solvent viscosity (at 20 °C) and the exponent is obtained from
a power-law fit to the data (not shown). All in all, a general
qualitative agreement is found between the frequency beha-
viour of the four PEO solutions formulated and that reported
in the literature for native blood plasma.?? As far as matching
the linear viscoelastic response of the biofluid at body
temperature goes, the moduli of the M,, = 600 kDa PEO
solution make it the best candidate for a rheological analo-
gue; this is in line with the shear viscosity measurements
[Fig. 9(a)]. Bear in mind, though, that different relaxation
times have been reported for blood plasma, possibly a con-
sequence of the ratio and type of anticoagulant used in the
blood collection®**! (see also Fig. 10).
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3.5 Cell-free layer (CFL) in a microfluidic channel

As previously mentioned, the use of microparticles in blood
analogue fluids has been demonstrated to be essential to
reproduce multiphase effects taking place in the human micro-
circulatory system, such as the cell-free layer (CFL) phenomena.
The flow of the plasma analogue fluid (DMSO/W-PEO4M) with
a 20% by volume of PDMS microparticles (45:1) was analyzed
through a microfluidic channel with an important constriction,
to simulate a microstenosis, and the results were compared
with those of human blood,*® also with a concentration of 20%
by volume of RBCs. Fig. 12-a shows the design of the micro-
fluidic device used in this study, the same as that used in
Rodiguez-Villarreal et al.’® to study the effect of temperature
and the flow rate on the cell-free area. For the flow rates (Q)
used in the in vitro experiments, this geometry gave rise to a
high shear rate of around 10* s, and allowed one to get a wide
free layer of particles due to the flow inertia. RBCs are subjected
to similar shear rates under physiological conditions in the
smallest and atherosclerotic arteries.”® Images of the flow in
the interest area (red rectangle) were taken by using a high-
speed camera (Photron, Fastcam Mini UX50) equipped with the
corresponding lenses and an optical fibre light source. During
the flow experiments through our PDMS microchannel (micro-
stenosis), sedimentation was not observed, but the contraction
was partially blocked after around ten minutes in most of the
experimental runs. Please, note that the concentration of
particles is relatively high for this type of CFL studies (see
ref. 1 and references therein).

Fig. 12 shows the results for RBCs suspended in plasma
[Fig. 12(b)]>> and PDMS (ratio 45:1) particles in the plasma
analogue (DMSO/W-PEO4M) [Fig. 12(c) and (d)]. The solid lines
in (c) point out the free area of particles with diameters higher
than 6 pm (sizes similar to RBCs). It should be noted that the
size distribution P of our PDMS particles is much wider than
that of RBCs, see Fig. 8 (left). It was more difficult to move the
smallest particles (sizes similar to platelets) to the center of the
stream, but most of the particles were in the area marked with
the solid lines. For this reason, attention was focused on the
particles with sizes similar to RBCs. The particulate blood
analogue (plasma analogue + 20% of PDMS particles) exhibits
a clear area or layer free of PDMS particles, showing a good
agreement with the results for RBCs in plasma. At a higher flow
rate Q of 12 ml h™', as expected, the particle free area increased
[see Fig. 12(d)], and, in this case, a layer completely free of
particles can be seen, at around 10 pm from the walls.

3.6 Droplet impact behaviour onto a solid surface

A macroscale application in the field of forensic science is also
presented in this manuscript, concerning the impact of the
blood analogue droplets onto a solid surface for bloodstain
pattern analysis. Recently, an experimental study concluded
that the use of deformable particles rather than rigid particles
in blood simulants was highly recommended for better repro-
ducibility of human blood spreading and splashing behaviour
in droplet impact for bloodstain pattern analysis.’

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Cell (particle) free layer (CFL/PFL) effect on a microfluidic channel designed from Rodiguez-Villarreal et al.>® (a) Schematic representation of the
microfluidic channel. The red rectangle marks the window used in the experiments (b—d). (b) Image of RBCs suspended in plasma at a concentration of
20% by volume, at 27 °C, and at a flow rate Q of 6 ml h™ >° (in Rodiguez-Villarreal et al.,>® results at 27 and 37 °C were similar). (c and d) Images of PDMS
451 particles in the plasma analogue DMSO/W-PEO4M at a concentration of around 20% by volume, at room temperature, and at Q = 6 and 12 ml h™?,
respectively. The solid lines in (c) and (d) are a guide to the eye, marking the free area of particles with diameters higher than 6 um (sizes similar to RBCs).
Figure (b) is reproduced from Rodiguez-Villarreal et al.>® with permission from MDPI.

Following the experimental procedure described in
Yokoyama et al,” experiments of droplet impact of the
proposed blood analogue DMSO/W-PEO4M,s.; were conducted.
The results were compared to those of dog blood (similar to
human blood).” It should be noted that the blood analogue
fluid has been developed to match the blood properties at 37 °C
(body temperature) while it is used at room temperature,
whereas, in the literature related to this field, the impact of
blood droplets is studied at 20 °C. Thus, the physical blood
properties vary considerably, specially viscosity, and therefore
Reynolds number (Re). In fact, the cooling of blood drops in
flight and during impact has never been addressed in the
context of bloodstain patterns analysis.>” Drop in-flight atomi-
zation, impact spreading and splashing should be affected by
the temperature of the fluid, and probably, in most of the
cases, the temperature might be near 37 rather than 20 °C,
because the spatter originates from blood at body temperature,
but this issue is out of the scope of this work.

Briefly, the proposed blood analogue fluid was injected
slowly through a steel capillary (1.27 mm in outer diameter)
forming a pendant drop that eventually detached under its own
weight. The capillary could be displaced along a vertical sup-
port to control the height over the target substrate, and conse-
quently the normal impact velocity V (between 2 and 4 m s~ ).
The target substrate consists of a clean glass slide with a typical
root-mean-square roughness of a few nanometres. Bottom-view

This journal is © The Royal Society of Chemistry 2022

and side-view images of the drop impact were taken by using a
high-speed camera (Photron, Fastcam SA5) at 10 000 and 150 000
frames per second, respectively. More details of the experimental
procedure can be found in Yokoyama et al.” Fig. 13 shows the good
agreement for the evolution of the spreading radius R, of dog whole
blood® and that of the blood particulate analogue fluid DMSO/W-
PEO4M,;,; for Weber number, We, around 200; We = pR,V*/y,
where p is the density, R, the initial radius of the impacting drop, V

| I T Y S T N
345 6 7 8 910
t (ms)

Fig. 13 Time evolution of spreading radius R; of dog whole blood (red
squares,5) and the blood particulate analogue fluid DMSO/W-PEO4Mys.4
(black triangles), with We around 200 in both cases; t = 0 is the time at
which the droplet contacts the solid surface. The insets are bottom-view
images of the impacting droplet at different times.
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Fig. 14 Side-view images of impacting droplets of dog whole blood (a), from Yokoyama et al.,> and our blood particulate analogue fluid DMSO/W-
PEO4Mys.4 (b), at a We around 600. The arrows point out the splashing. The scale bar in (a and b) corresponds to 1 mm. (c) Images of the dry stain, after
the evaporation of the analogue plasma, for bloodstain pattern analysis. Figure (a) is reproduced from Yokoyama et al.> with permission from Elsevier.

the normal velocity of impact of the drop, and y the surface tension.
A crucial parameter for reconstructing a crime scene through
bloodstain pattern analysis is the spreading factor Ryax/Ro, and
the result of our blood analogue is similar to that of whole blood.

Fig. 14 compares the splashing of dog whole blood (a) from
Yokoyama et al.> with that of our blood particulate analogue
fluid DMSO/W-PEO4M,s.; (b) for a higher We of around 600. In
the case of real blood, a clear and typical Corona splash is
observed in the images, which normally takes places for a
Ohnesorge number Oh, Oh = p/+/pRyy, above 0.0062 (relatively
viscous liquids).” The splashing of our blood analogue could be
also considered as Corona splash, although without a clear lift-
off of the lamella. As aforementioned, our fluid was developed
to match the blood properties at 37 °C, and its Oh is around
0.008, close to the transition from Corona to prompt splash,
which may explain the different behaviour between both dro-
plet impacts. Furthermore, the transfer of momentum between
particles is suppressed by the high capacity to deform of our
PDMS particles (similar to RBCs) and no particle ejection was
expected/obtained (tiny-splashing) different from blood simu-
lant containing rigid particles.’
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Our results show the potential of our developed fluid to be
used as a blood simulant in forensic science, taking into account
the fluid body temperature in the droplet impact for bloodstain
pattern analysis; Fig. 14(b) illustrates this application.

4 Conclusions

A novel particulate blood analogue fluid able to reproduce
rheological and some physiological characteristics of real
human blood at body temperature was developed. The blood
analogue is based on a viscoelastic solution, able to reproduce
the rheological behavior of blood plasma, with deformable
PDMS particles at a concentration similar to the human hae-
matocrit. The general mechanical deformability of RBCs was
captured by the intelligent fabrication of simple spherical
PDMS particles, used in this work as RBC templates. The
improvement of the monodispersity of these PDMS particles,
while maintaining the high production rate, is desirable to
match the size distribution of RBCs, and continues to be a
grand challenge (see ref. 1 and references therein).

This journal is © The Royal Society of Chemistry 2022
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The shear rheology of the blood analogue only depends
significantly on the PDMS particle composition, the solution
with particles of PDMS 45:1 being in best agreement with the
viscous behaviour of human blood. The elastic behaviour under
uniaxial extensional flow of the blood analogues DMSO/W-
PEO4M,;5.; and DMSO/W-PEO600K,5.; agrees with the results
of Brust et al.*® and Sousa et al.,”" respectively. The elasticity of
the developed plasma analogue can be adjusted to the results
of human plasma from Brust et al.>® or Sousa et al.>' by means
of the addition of PEO with a suitable M,,, among other special
conditions (sickness). The viscoelastic moduli of the plasma
analogues obtained by means of passive microrheology are in
good agreement with the results of the steady shear experi-
ments, indicating that the DMSO/W-PEO600K solution is a
fairly good candidate for mimicking the non-Newtonian beha-
viour of blood plasma at body temperature.

The flow of the particulate blood analogue fluid DMSO/W-
PEO4M,;.; through a narrow microchannel reproduced the CFL
phenomena, showing its potential for the in vitro study of
multiphase flow effects in the microcirculatory system. On
the other hand, its application in bloodstain pattern analysis
is promising and this would allow the fluid body temperature
in the droplet impact to be considered, while working at room
temperature.

It is worth pointing out that the developed blood analogues
just present a similar rheological behavior with blood flow
under certain flow conditions. The purpose of this study is to
look for a replacement solution able to reproduce specific flow
characteristics with the aim to understand the features found
in the human circulatory system due to the viscoelastic proper-
ties of blood (microscale and confinement characteristics) and/
or for other technical purposes as the analysis of some patterns
due to a blood drop impact (macroscale without confinement).
The physiological functions of these blood analogues are out of
the scope of this work. Moreover, the rheological differences in
terms of viscosity and elasticity can be adjusted by varying the
amount of polymer and the mixing ratios of the solvent, as well
as the concentration of the PDMS particles to adjust them to
any specific situation (temperature, level of hematocrit, etc.).
Nevertheless, any comparison with real blood flow has to be
made with criticism as many rheological characteristics of
blood such as thixotropy of yield stress are even not reproduced
in these analogues.
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