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Indicative of various pathologies, blood properties are under intense scrutiny. The hemorheological
characteristics are traditionally gauged by bulk, low-frequency indicators that average out critical
information about the complex, multi-scale, and multi-component structure. In particular, one cannot
discriminate between the erythrocytes contribution to global rheology and the impact of plasma.
Nevertheless, in their fast stochastic movement, before they encounter each other, the erythrocytes
probe the subtle viscoelasticity of their protein-rich environment. Thus, if these short time scales can be
resolved experimentally, the plasma properties could be determined without having to separate the
blood components; the blood is practically testing itself. This microrheological description of blood
plasma provides a direct link between the composition of whole blood and its coagulability status.
We present a parametric model for the viscoelasticity of plasma, which is probed by the erythrocytes
over frequency ranges of kilohertz in a picoliter-sized volume. The model is validated both in vitro, using

Received 6th December 2021, artificial hemo-systems where the composition is controlled, as well as on whole blood where

Accepted 31st January 2022 continuous measurements provide real-time information. We also discuss the possibility of using this
DOI: 10.1039/d1sm01726h passive microrheology as an in vivo assay for clinically relevant situations where the blood clotting
condition must be observed and managed continuously for diagnosis or during therapeutic procedures

rsc.li/soft-matter-journal at different stages of hemostatic and thrombotic processes.

Most important transformations of the rheological properties of
blood occur during coagulation. This delicate process is
dominated, aside from platelet adhesion, by different mechanisms
of fibrin polymerization."*"® Controlling the subtle balance

1. Introduction

Understanding how blood and its components react to external
mechanical stimuli has been a reliable source of information

for understanding and treating diseases. The complex rheology
of blood is critical since it correlates with a number of
pathological conditions and it is also a convenient way to
monitor the effects of pharmaceutical therapies.'™ As an
example, anomalies in the rheology of blood plasma, which
are well-known to occur in both acute and chronic
conditions,”” including hypertension®® and diabetes,”™"" can
be used as markers and risk factors due to their underlying
relationship with the concentration of fibrinogen and other
macromolecules in plasma.'**?
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between fibrin polymerization and dissolution is critical in a variety
of clinical settings where the coagulation status of blood needs to
be managed dynamically. Such settings include, for instance,
cardiovascular surgery requiring cardiopulmonary bypass (CPB),
any major surgery in patients with coagulation disorders,
extracorporeal life support (ECLS), extracorporeal membrane
oxygenation (ECMO), catheter-based interventional procedures,
and haemodialysis, among others. These circumstances require
continuously measuring and effectively managing the coagulation
status (viscoelasticity), which can cause catastrophic thrombosis
and haemorrhage despite using “adequate anticoagulation
therapies”.'*8

The majority of conventional coagulation assays rely on
in vitro macroscopic rheological measurements, which are
indicative of low-frequency mechanical properties. These
approaches use external mechanical stimuli to controllably
deform the fluid at low rates of a few to tens of Hertz and over
at least millimeter-sized spatial scales. Moreover, these
assays are provocative and non-physiologic in nature because
the coagulation process is induced by external stimuli.'?"
The sample condition is assessed based on the changes in
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the bulk mechanical properties of the blood as the coagulation
cascade is accelerated. The detailed molecular composition and
its structural dynamics are all included in the effective, macro-
scopic properties of viscoelasticity. This approach is usually
sufficient to describe common homogeneous fluids but misses
some details in the case of complex, multi-component fluids
such as blood. A brief survey of the various hemorheological
assays is provided in the ESIt S1.

Microrheology, on the other hand, is concerned with how
viscoelastic materials flow at much smaller spatial and
temporal scales.”® In this framework, physical details at sub-
micron and even molecular scales are probed over a large
spectrum of frequencies.>® In this regard, we note that a
microrheological measurement can be performed by active or
passive means, depending on whether the probe particles are
externally moved or driven solely by thermal forces. Moreover, a
passive measurement can also make use of the intrinsic
existence of particulates that can act as natural probes for their
surroundings. In the general case of complex heterogeneous
fluids, the homogenization of the mechanical properties is
intrinsically scale-dependent.”® Thus, microrheology is not an
alternative to traditional rheological measurements but rather
a complementary description; it describes the microscopic
scales of complex fluids. In the case of blood, microscale
measurements could examine, for example, the viscoelasticity
associated with the underlying molecular composition e.g.,
fibrin and other proteins,>>*” while isolating the influence of
the much larger erythrocytes.

In this paper, we present a parametric description of the
microrheological properties of plasma. The simple and robust
parametric description is based on the standard Maxwell model
of viscoelastic fluids and describes the local viscoelasticity
properties over frequency ranges that are accessible through
light scattering measurements. Most importantly, the erythro-
cytes themselves act as passive probes for the microrheological
properties of plasma. We demonstrate that the parameters of
the microrheological model can be used to monitor, in a
condensed yet informative manner, the connection between
the blood composition and its coagulability, which, in turn, can
be used in clinical situations where the status of blood needs to
be monitored and managed continuously.

2. Materials and methods

2.1. Sample preparation

(i) Preparation of fibrinogen and thrombin. Fibrinogen
(F4883, Sigma - Aldrich) was solubilized into 0.85% (w/v)
sodium chloride under 37 °C. The fibrinogen was further
filtered through a 0.22 pum filter. Thrombin (T6884, Sigma -
Aldrich) was prepared at the concentration of 100 units per mL
in a 0.1% (w/v) BSA solution. Both chemicals were stored at
4 degrees and used within 1 week.

(i) Verification that RBCs are rigid probes. The sample
used for in vitro experiments consists of red blood cells (RBC;
pooled human cells, Rockland) suspended in fibrinogen and
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Phosphate-buffered Saline (PBS) solution at 37 °C. RBCs were
washed using PBS three times before being used. The initial
sample consists of 50% RBC (v/v) and fibrinogen (F4883,
Sigma - Aldrich) at 1 mg mL . These experiments verify that
the RBCs can be treated as rigid particles in the frequency range
of our measurements. See details below.

(iii) Thrombin control experiments. Two samples were
prepared: RBC suspended in fibrinogen and PBS solution,
respectively, both at 37 °C. RBCs were washed using PBS three
times before being used. The initial sample consisted of 50%
RBC (v/v) and fibrinogen of 1 mg mL~". Thrombin was added to
induce fibrin formation.>®*° Thrombin was further diluted into
2 units per mL before adding to the sample. The measurement
started immediately after the thrombin was added and mixed.
In the experiments, the final thrombin concentrations were
0.01 units per mL, 0.02 units per mL, and 0.04 units per mL.

(iv) Measurements on whole blood. The measurement is
performed within a clinical setting involving cardiovascular
surgery requiring CPB. The blood samples were obtained before
CPB, at normal conditions, and after full systemic anticoagulation
treatment, which was given via the administration of heparin. The
study included twenty-three infants (12 female, 11 male; mean age
182.2 £ 109.2 days; mean weight 5.7 + 1.6 kg; mean height 60.8 +
11.1 cm; mean body surface area 0.3 & 0.07 m?®). This study was
approved by both the University of Central Florida and the Orlando
Health Institutional Review Boards. We obtained informed consent
from all patients.

2.2. Experimental procedure

(i) Experimental setup. We used a coherence-gated
Dynamic Light Scattering (DLS) setup to measure the high-
frequency microrheological properties of blood (see Section
3.2). Briefly, the experimental setup consists of a robust fiber-
based, common-path interferometer built around multimode
optical fibers (MMFs). Light from a low-coherence source
(Superlum model# BLM-S-670-G-I-4, superluminescent diode
of 7 nm bandwidth centered at 670 nm; coherence length of
about 30 pm in aqueous media) is launched into the MMF and
then coupled into a 50/50 multimode splitter. The optical fibers
used in the experiments are commercially available 62.5/125
MMFs, and the measurements were carried out by using a
general-purpose photo-receiver (New Focus 2001-FC). The
fluctuations of the electrical signal are digitized using specialized
data acquisition hardware and further analyzed in the frequency
domain where a power spectrum, P(f), is generated.

(ii) Data acquisition. The whole blood sample (0.5 mL) is
contained in a 1 mL disposable syringe with internal diameter
of 4.5 mm. The MMF probe is introduced through the tip the
syringe and placed, completely submerged, far from the syringe
walls and at half-way the column of liquid, which has a height
of about 3 cm. This avoids slow sedimentation effects such that
the coherence volume is constantly replenished with RBCs
during the measurement. More details on the experimental
setup and a discussion on the potential sedimentation effects
can be found in the can be found in the ESI.¥ We recorded P(f)
at baseline conditions and after the administration of heparin.
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To record P(f), we acquired data at a sampling frequency of
20 kHz (Nyquist frequency to resolve P(f) up to 10 kHz) con-
tinuously for 30 seconds, and then calculated a sub-sampled
spectrum with the desired frequency resolution in the frequency
range of interest. As a result, we record one spectrum with ten
thousand data points (1 Hz to 10 kHz, with 1 Hz resolution) every
30 seconds. For all patients, the total duration of the baseline
measurement is of at least thirty minutes (at least 60 spectra per
measurement), and at least five minutes after the administration
of heparin (at least 10 spectra per measurement). The duration
of each measurement series is determined by the specific clinical
protocols followed for each case.

(iii) Data processing. Each measured P(f) was decomposed

into a collection of discrete Lorentzian contributions, P(f) =

-1
(2/m) > (ai/vi) [fz + (1/1/,-)2] with fbeing the frequency, a; the

i=

N

relative amplitude, Y ¢; = 1, and v, the representative relaxation
i=1

time of the i-th population, respectively. Two Lorentzian compo-

nents (N = 2) were sufficient to describe the shape of P(f) in all

cases. The spectral decomposition of P(f) was then used to

calculate the mean squared displacement (MSD) of the diffusing

2mt
h =
y[)}, where ¢

2ko nsin(0/2) is the magnitude of the scattering vector, with ko =

2n . . . .
— and 0 = nrad in our reflection geometry, and n is the refractive
A0

index of the medium. Then, the MSD was used to estimate
the complex viscoelastic moduli for tracers of known size.
According to the approach described in ref. 30, 31, the

magnitude of the viscoelastic modulus is determined as

N
particles (RBCs), Ar*(f) = —%ln {Z a; exp(—
q i=1

|G*(w)| &  kgT{ma{Ar* (o "))I'[1 + oc(a))]}fl, where a(w) =

dn(Ar (1)) . .

—" is the logarithmic slope of the MSD curve.
6111(1‘) =]

Then, we extracted (i) the elastic component, G'(w) = |G*(w)|cos
(met(w)/2), (ii) the viscous component, G”(w) = |G*(w)|sin(na(w)/2),
and also (iii) the loss tangent, tan é(w) = G"(w)/G’(w). Details about
the retrieval of the parameters of the Maxwell model starting from
the measured P(f) can be found in the ESL¥

3. Results and discussion

3.1. High-frequency micro-rheological model of blood

Complex fluids, such as blood, are viscoelastic and they can
store and release energy. Moreover, their response to mechanical
stimuli depends on both the amplitude and the frequency of the
stimulus, as well as its duration and the way it is applied
spatially.*>** Additionally, because of their multi-component
composition, their rheological properties are mesoscopic in
nature as they depend on both the spatial and temporal scales
at which the different components interact with one another.
In this regard, the complex fluid components contribute in
different ways at different scales such that macro-rheological
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properties describe bulk characteristics averaged over larger
spatial scales, at lower frequencies, while micro-rheological
properties refer to the fluid’s response over a broad range of
high frequencies in microscopic domains.

Blood is a biological complex fluid consisting mainly of a
concentrated aqueous suspension of RBCs, which comprise
about 45% of the total mass and are suspended in plasma, a
liquid medium containing around 92% of water and 8% of
macromolecules, proteins, and trace amounts of other materials.
Because of their high concentration, the macroscopic rheological
properties of whole blood are largely determined by RBCs as well
as their aggregates, including clusters, rouleaux, and clots."
Moreover, the rheological properties of blood can also be highly
non-stationary and can change rapidly over time, as it happens
during coagulation.>® Recent efforts in hemorheology have
focused mainly on modelling bulk rheological properties of
blood under different regimes of active deformation ie., steady
flow and transient shear, typically outside the linear viscoelastic
regime, where large deformations take place,®® with special
attention to the contributions of RBC deformability and rouleaux
formation.>*?¢ Ultimately, accounting for these contributions in
bulk hemorheology can lead to diagnosis of diseases such as
sickle cell anaemia, among others." A microscopic hemorheo-
logical measurement, on the other hand, can examine the visco-
elasticity of plasma, associated with its underlying molecular
composition, within a narrow window of spatial and temporal
scales where the influence of the RBCs is removed. In this regard,
it has been recently shown that even plasma itself exhibits a non-
Newtonian behaviour due to the presence of macromolecules
regardless of their small concentration.’”*® Thus, even for a
microscopic description, a non-Newtonian viscoelastic fluid must
be considered.

To quantitatively parametrize the frequency response of the
effective local viscoelasticity, we use a standard form of a two-
fluid rheological Maxwell model comprising a purely-viscous
component (Newtonian solvent) and a single, effective viscoe-
lastic component,**3%% as illustrated schematically in Fig. 1.
Within the frame of this model, the viscoelastic response can
be described in terms of the real and imaginary parts of the
frequency-dependent complex viscoelastic moduli. As such, the
frequency (w) dependence of the elastic modulus (energy
storage, G'(w)) and the viscous modulus (energy dissipation,
G"(w)), can be expressed as:

I1|‘L'1602

4 —
G (w) - 1 +CL)2‘L'|27 (1)
now
Gﬂ(w) = 1 + 2021_12 + Mo, (2)

respectively, such that their ratio, the so-called loss tangent, is

GH 1 ’,,0
tand = — = —|1+ (1 + o’1%)|. 3
and = o= +’71( + 0’11%) (3)
The loss tangent relates to the material’s fluidity; it
approaches infinity for a purely viscous material and is zero
for a perfectly elastic material. As expressed in eqn (1)-(3), the
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Fig. 1 A graphical illustration of the microscale rheological model where
the erythrocytes are considered as rigid, independent probes capable of
testing their environment. The parameters of the Maxwell model describe
the fluid's effective viscoelastic response and can account for a transition
from a baseline condition either towards coagulation (state A to state B) or
towards anti-coagulation (state A to state C) resulting from intrinsic or
induced processes. The expected changes in the Maxwell parameters are
suggested by the graphical size (not at scale) of the elements of the
viscoelastic component.

viscoelastic response is parametrized in terms of the background
viscosity 1, and a single effective viscoelastic element with
viscosity #; and relaxation time t; = n4/k;, where k; refers to
the spring constant associated to a purely elastic material.>**%*°

Similar Maxwell models are used in traditional bulk rheology
where the macroscopic measurements are interpreted equivalently
in terms of the complex viscosity.*** Notably, more complicated
versions of the Maxwell rheological models with a larger number of
viscoelastic elements have been used to account for larger-scale
effects such as RBCs deformability as well as the formation of
rouleaux and clusters,>>*® and even in attempts to describe the
properties of blood clots in the context of viscoelastic solids.*"**
Maxwell-based descriptions have also been used to quantify the
motion of Brownian particles in viscoelastic fluids.**** In Fig. 1
we schematically illustrate that the transition from a baseline
condition either towards coagulation (from state A to state B) or
towards anti-coagulation (from state A to state C) can be accounted
by the same model, by following the changes in the triad of
Maxwell parameters (1o,71,71)-

In this microrheological model of blood, independent RBCs
act as effectively rigid probes whose Brownian motion reveals
the viscoelastic properties of their immediate surroundings.
When the probes are rigid and non-interacting, one can
estimate the high-frequency range for which this simple micro-
scopic description is valid. For instance, a spherical probe
suspended in a fluid with effective viscosity v and at tempera-
ture T explores diffusively, in a time ¢, an effective area given by
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the MSD, (Ar*(£)) = Degt. In standard Stokes-Einstein formulation,

the effective diffusion coefficient is Dy = , where kg is the

B T
3nvdy
Boltzmann constant, and dj, is the hydrodynamic diameter of the
probe particle. In normal conditions, RBCs have an average
volume of about 90 fL with a surface area of about 136 um?,
and can swell up to a spherical shape of about 150 fL without
membrane distension.*>*® A sphere with equivalent volume
would have a diameter d;, ~ 5.56 pm. Regardless of the specific
value taken for the viscosity of plasma e.g., in normal conditions
or heparinized,” and the detailed type of RBC packing,®” at 37 °C,
an RBC-equivalent sphere needs several hundreds of seconds to
diffuse over its own diameter. Based on this simple argument, one
can safely conclude that if an independent RBC diffuses during
1-100 ms, which represents a frequency range of 10 Hz-1 kHz, at
physiological conditions, it explores diffusively less than 10% of
its own diameter. This means that for frequencies higher than
10 Hz, the response is determined by the immediate surroundings
of a typical RBC. Thus, such a high-frequency microrheology
measurement effectively examines only the viscoelastic properties
of plasma. We would like to emphasize that, strictly, this picture
where the RBCs test their environment and the influence of larger
aggregates is removed, is valid only within the narrow window of
spatial and temporal scales explained above, which can be
accessed through light scattering measurements.

As mentioned before, microrheology complements the
information provided by bulk rheology because it examines
the contribution of microscopic complex fluid components
(plasma and macromolecules) while effectively isolating the
influence of the RBCs and their aggregates. An experimental
verification that the RBCs can be treated as rigid particles over
the spatial and temporal scales of interest is shown below, in
Section 3.3.1.

3.2. Optical microrheology

Optical approaches can provide measurements of mechanical
responses in the frequency range of interest because the
characteristic correlation time of the light scattered by complex
fluids, in general, lies in that range.*® Microrheological
information can be accessed optically by different approaches
such as diffusing-wave spectroscopy,®™***° particle tracking,**!
interference microscopy,”> and speckle correlation.*> The
spatial and temporal scales at which the viscoelastic properties
are measured in those approaches depend on the experimental
implementation. Also, as mentioned before, these microrheo-
logical measurements can be performed passively or actively,
depending on whether the motion of the probes has an intrinsic
thermal origin or is driven by an additional external force.
Moreover, in a passive measurement, one can also take
advantage of the intrinsic presence of particulate components
to perform the measurement, without the need to introduce
probe particles. Thus, in our approach of using the RBCs as
probes of their environment, one can say that the blood is
practically testing itself.

Recently, we have demonstrated that the coherence-gated
DLS technique used here, is capable of passively measuring
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microrheological properties of blood.>® We showed that sensing
dynamics at submicron scales allow discriminating between
different coagulation states. Also, the optical fiber-based
measurement system can be incorporated into standard vascular
access devices that allow testing without isolating a blood
sample and without having to externally trigger the coagulation
cascade. Thus, this optical microrheology procedure overcomes
the main constraints of macroscopic rheological assays.

A brief description of our experimental setup is given above,
in Section 2.2, and more details are provided in the ESI,{
(Section S2).

3.3. Use of the parametric Maxwell model

The interpretation of the microscopic viscoelastic properties of
plasma within the frame of the Maxwell model requires the
RBC to be rigid and independent from each other, within the
frequency range of our interest. In this section, we first demonstrate
the validity of this assumption, and then use our parametrization
approach in different settings, including some that are relevant for
clinical scenarios. We show that the Maxwell parameters capture
variations in the status of blood and, in simplified in vitro hemo-
systems, they can be associated to specific structural components.
We also show that the model’s parameters can be used to follow
long-term processes such as the natural, incipient coagulation of
normal blood. We emphasize that coagulation was not induced, in
any case, by any external agent.

3.3.1. RBCs are rigid probes in the spatiotemporal scales of
interest. As discussed earlier, for the retrieval of the micro-
scopic viscoelastic properties it is required that the RBCs can be
treated as independent, rigid probes within the frequency
range of interest. Within the estimated frequency window
where the Maxwell model is valid (see Section 3.1), neither
RBCs aggregates nor RBC’s membrane undulations/fluctua-
tions are captured in our experiment.’” This is further verified
experimentally in Fig. 2.

As can be seen in Fig. 2(a), measured P(f) from freshly drawn
whole blood as well as from a control sample of 50% RBC and 1
mg mL " fibrinogen in PBS are very well described by a single
Lorentzian function. This is the hallmark of a rigid spherical
particle diffusing normally in a purely viscous fluid."®"®
Moreover, we present in Fig. 2(b) P(f) measured in the same
fibrinogen solution after replacing the RBCs with polystyrene
particles of 1 um. All measurements shown in Fig. 2 were
performed at the physiological temperature of 37 °C, without
altering the natural rigidity of the RBCs membrane, and with
the same settings (from 1 Hz to 10 kHz, 1 Hz resolution, and
integration time of 30 seconds) on a freshly prepared sample.
The fact that P(f) is Lorentzian in all cases, verifies that the
RBCs can be treated as rigid probes of their own environment.
Thus, using the measured P(f) to estimate the microscopic
viscoelasticity is valid such that the model’s parameters indeed
reflect the plasma viscoelasticity within the narrow window of
spatiotemporal scales of our measurements.

3.3.2. Structural dependence of the Maxwell parameters.
To illustrate how the composition of plasma influences the
parameters of our viscoelastic model, we performed continuous
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Fig. 2 Measured power spectra corresponding to three different media
together with the corresponding Lorentzian fits. (a) The power spectra
were measured in whole blood (red dots) and a control sample of 50% RBC
and fibrinogen suspended in PBS solution (blue dots; see Methods for
details). (b) Power spectrum corresponding to 1 pm polystyrene particles,
0.01 w/w%, and fibrinogen in PBS.

measurements on suspensions of RBCs during fibrin polymer-
ization, in the presence of different concentrations of thrombin.
We used a simplified hemo-system, which consists of 50% RBC
suspended in PBS and fibrinogen (1 mg mL™") solution, and
added different amounts of thrombin to generate, at different
rates, fibrin networks with different elasticity (see Materials and
methods). The thrombin concentration range for this experiment
(0.01-0.04 units per mL), results in a fibrinogen-to-thrombin
ratio that is significantly lower than that in normal blood. In fact,
this range was chosen such that the process of fibrin polymer-
ization can be followed from the incipient stages and, therefore,
test the sensitivity of our approach.

The outcome of this control experiment is summarized in
Fig. 3. The temporal evolution of the three parameters in the
Maxwell model is shown in Fig. 3(a) for the case when the
polymerization was activated with 0.02 units per mL thrombin.
The detailed steps for retrieving the parameters of the Maxwell
model can be found in the ESL+ (Section S3). Thrombin was
added at the beginning of the measurement, ¢ = 0, and one can
see that as the polymerization evolves in time, the background
Newtonian viscosity #, drops. At the same time, the contribution

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Viscoelasticity evolution during controlled coagulation. (a) Temporal
evolution of the Maxwell model parameters (1o, 171, 1) for a suspension of
50% RBC in PBS with fibrinogen after adding thrombin (final concentration is
0.02 units per mL). The band on the curve is the standard deviation from
the sliding window along the curve. The Maxwell parameters are extracted
from fitting the complex viscoelastic moduli measured to egn (1)-(3)
simultaneously. (b) Effect of thrombin concentration on the rate of change
of 1, and 13, 0, and 0.4, respectively.

of the viscoelastic element (#4,7,) gradually increases, especially
the relaxation time 7,. This behavior together with the evident
saturation of the process can be understood as a consequence of
the conservation of the total amount of fibrinogen. Initially, the
dispersed fibrinogen molecules contribute together with the
water molecules but, as the polymerization progresses, they
gradually build up the viscoelastic component 7; due to fibrin
formation.

Taking advantage of the continuous nature of our measure-
ment, one can also evaluate the rate of fibrin production and,
therefore, assess the role of thrombin in this process. To this
end, we illustrate in Fig. 3(b) the rate at which the Maxwell
parameters evolve as a function of thrombin concentration. For
instance, the rate of change of 7, surges in a highly nonlinear
fashion with increasing thrombin concentration, which is
indicative of the faster formation of the fibrin network.
The same is evident in the changing rate of #,, which decreases
due to the depletion of the number of free fibrinogen molecules
contributing to #,. We also note that there is only a minor
influence of the thrombin concentration on #, related to fibrin
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formation, which is the result of the constant amount of
fibrinogen in our simplified hemo-system. Thus, the results,
in this simplified hemo-system, demonstrate that the para-
meters can indeed capture the changes on specific structural
components. In the following, we will show that this micro-
rheological approach can be used to monitor the coagulation
status of whole blood, including clinically relevant situations
where the coagulation status of blood needs to be monitored
continuously and managed dynamically.

3.3.3. Incipient whole-blood coagulation. We will now
examine the long-term evolution of the viscoelasticity
parameters during the incipient blood coagulation (in the
absence of any external coagulation stimuli). To this end, we
use unperturbed samples in their natural conditions without
any coagulation inducers. The samples are freshly drawn from
a population of patients (See Materials and Methods). Fig. 4
illustrates this evolution in the incipient stages of natural
coagulation under normal conditions. A representative example
from one of the patients of the temporal evolution of the model
parameters is shown in Fig. 4(a). Note that, for better visualization
of all parameters simultaneously, we plot the results in a loga-
rithmic scale. Importantly, the Maxwell parameters change with
about one order of magnitude throughout the measurement.

In the particular case illustrated in Fig. 4(a), one can see
that, both viscous components, 1, and #;, have initially a
similar value but, gradually, split apart as incipient coagulation
takes place. The main changes are reflected in the viscoelastic
components, while the background viscosity 7, remains
relatively constant. More importantly, the clear increase of
the parameter t; indicates a progressive steady increase of
the viscoelastic element. Recall that the fitting parameter 7,
represents the characteristic relaxation time of the viscoelastic
element, and it is a composite parameter defined as the ratio of
the viscous coefficient and the spring constant i.e., T, = #1/k;.

To illustrate the global trends for the entire population of
patients, the results at relevant time marks are summarized in
Fig. 4(b)-(d). The error bars represent the standard deviation
across all patients. Notably, similar behavior is observed in the
cohort of patients: initially, 1, and #, overlap significantly but,
with time, they split apart; n, increases and 7, decreases
slightly, implying that while #, remains relatively constant, 7,
increases as the blood coagulate. After about 10 min, the two
parameters are clearly distinct from each other in the entire
population (the error bars do not overlap anymore).

The increase in 7; observed in the specific case shown in
Fig. 4(a) is not so evident for the entire population in Fig. 4(c).
Also, as can be seen in Fig. 4(c), the initial values of 7, vary
significantly across the population indicating a large variability
in the initial elastic component among the patients. However,
as coagulation progresses, this variability decreases indicating
that samples with disparate initial conditions evolve towards a
similar state, as indicated by the gradual decrease of the error
bars. Regarding the associated elastic component of the visco-
elastic element, k;, a clear increase is now evident over the entire
population, as seen in Fig. 4(d). This indicates that the state
towards which the entire population transitions is characterized
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(a) Typical long-term evolution of the parameters of the Maxwell rheological model acquired continuously during the incipient coagulation.

Parameters evolution for the entire patient population: (b) the viscous components 1o and 71, () the relaxation time of the viscoelastic element, 7;, and
(d) the purely elastic k; calculated based on the ratio viscous coefficient n; and the relaxation time 1, (see text for details). The interpatient variability is
represented by the error bars that indicate the standard deviation across the 23 subjects; time t = O is the starting of the DLS measurement immediately
after the blood draw. The Maxwell parameters are extracted from fitting complex viscoelastic moduli measured simultaneously to egn (1)—(3).

by a larger elastic component, as expected during the process of
incipient coagulation. We would like to emphasize again that the
blood is macroscopically fluid at all times during this measurement.
In addition, these findings can be seen in the time evolution of
the distribution of the viscoelastic parameters across the entire
population of patients in the ESI} (Section S4 and Fig. S4).

The experiments summarized in Fig. 4 illustrate the visco-
elastic changes due to incipient, natural coagulation. We have
further tested our model in a clinically relevant scenario by
comparing two states of coagulation at early stages, namely
natural coagulation and a state of full systemic anticoagulation
(pharmaceutical intervention for anticoagulation therapies).
This study, which is detailed in the ESL, (Section S5), demon-
strates that the same model can describe both positive (coagu-
lation) and negative (anti-coagulation) viscoelastic changes,
which occur naturally or are being purposely induced during
external interventions.

Lastly, we would like to bring the attention towards the
rather different levels of molecular complexity between the
simplified hemo-system and whole blood. Strictly, this disparity
precludes a direct comparison between the experimental
results, however, a consistent interpretation of the results
within the frame of our viscoelastic model is still possible.
For instance, in the case of full systemic anticoagulation (ESIf),
7, decreases drastically because of the significant reduction of
the elastic component of the fluid, ie., shorter relaxation time.
Moreover, during the incipient stages of coagulation, when the
fibrin polymerization is barely starting, 7, increases only slightly

2458 | Soft Matter, 2022, 18, 2452-2461

but 7, captures the net effect in the form of an increased
viscosity (Fig. 4). Finally, when fibrin polymerizes and aggregates
start being formed, one can see that the elements that contribute
to the background viscosity #, start to transform and gradually
build up the elastic component 74, which is characterized by a
longer relaxation time (Fig. 3). More refined associations with
other macromolecules and plasma proteins are possible and will
be the subject of future work. Nevertheless, the present results
demonstrate that the proposed microrheological model captures
the main viscoelasticity features of blood plasma and suggest
that a structural description is feasible in terms of the para-
metric Maxwell model.

4. Conclusions

Understanding the complex rheology of blood is critical not only
for diagnosing several pathological conditions and for monitoring
the effects of certain pharmaceutical therapies,"*** but also
because its major role in a variety of clinical settings where the
coagulation status of blood needs to be continuously managed.
Unfortunately, common coagulation assays are not always suited
for this purpose. The bulk rheological measurements are typically
end-point tests and performed in vitro, under non-physiological
conditions, involving strong external stimuli'®, and typically
outside the linear viscoelastic regime.** A microrheological
measurement, on the other hand, can be used to passively retrieve
the local viscoelasticity of a complex fluid. In the case of blood, the
spatiotemporal scales of interest are those where the effective

This journal is © The Royal Society of Chemistry 2022
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viscoelasticity of the RBCs’ immediate surroundings are tested by
the RBCs themselves. In this paper, we introduced a rheological
parametric model that describes the microscopic viscoelasticity of
blood over such narrow window of spatiotemporal scales.

The parametric model was validated by optical microrheology
measurements in laboratory-controlled conditions and in clinical
environments involving both natural, intrinsic processes and
external interventions. The parametric description allows for a
clear discrimination between different conditions of the incipient
stages of whole-blood coagulation. Moreover, the parametric
model also permits following the short-term progressing action
of anticoagulant treatment. These results strongly suggest that the
proposed parametrization can be effectively used to describe the
coagulation status of whole blood, continuously and quantita-
tively, even in the absence of external coagulation triggers.

Microrheological properties of blood can be accessed con-
tinuously, in vivo directly while operating in clinical settings.”®
Because viscoelastic properties of blood are probed at different
scales, it should not be expected for a DLS-based microscopic
measurement to reproduce the traces of macroscopic hemor-
heology assays as ACT or TEG. In fact, the information is
provided at complementary spatiotemporal scales. The micro-
rheological model demonstrated here provides a quantitative
physical description of blood mechanical properties over a
broad frequency range in terms of the complex viscoelastic
moduli. Moreover, the outcome of the proposed approach,
where the effective microscopic viscoelasticity of plasma is
retrieved, can be used as input for more complex models where
the multiscale response of blood is attributed to specific
contributions.** ¢

The microrheological model used in the present work is
general and not specific to optical measurements. Nevertheless,
from a practical standpoint, the all-optical-fiber implementation
of the coherence-gated DLS technique has a number of key
advantages such as measurement flexibility, easy access, and
incorporation with standard vascular access devices. Without
having to prepare samples and externally trigger the coagulation
cascade, optical microrheology can overcome the typical
limitations associated with the macroscopic rheological
measurements and coagulation assays.

In our experiments, we report absolute measurements on
untreated fresh samples of whole blood, which leads to a large
inter-patient variability. This demonstrates the sensitivity of a
coherence-gated DLS measurement but certainly complicates
a direct inter-patient analysis. By taking advantage of an intra-
patient normalization ie., normalization of a patient’s
response to their own initial conditions, one can implement
differential analysis that permits a more proper inter-patient
comparison.’®>® A complete inter-patient analysis will be the
subject of a future report.

We would also like to mention that, as the mechanical
properties of blood are inferred passively at microscopic scales,
the effective viscoelasticity of plasma can be related to the
underlying chemical composition. This was demonstrated here
by using simplified hemo-systems, where the polymerization of
fibrinogen into fibrin was controlled. A more detailed study of
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the impact of the chemical composition on the microscopic
rheological properties could provide detailed information
about the macromolecular composition, as suggested by
the in vitro experiments presented. For example, additional
structural assays such as thrombin-antithrombin complexes
and fibrinopeptides could be conducted to assess the chemical
composition of blood and to further associate the physical
parameters of the viscoelastic model with specific molecular
complexes in plasma.

Finally, the general, quantitative description of blood vis-
coelasticity can be based on passive in vivo measurements as we
illustrated here in the context of cardiovascular surgeries.
Moreover, the parametric description we introduced can form
the basis for a new class of in vivo assays for clinically relevant
situations where the blood status needs to be monitored in real-
time and managed continuously.
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