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Abstract

Blood plasma (BP) is a borderline non-Newtonian fluid. Few studies have characterized the rheology of BP and even less focused on
understanding its subtle viscoelastic traits, which were only somewhat recently acknowledged. We use passive microrheology to
measure the bulk response of human plasma samples under shear at body and ambient temperatures. Evidence of subdiffusive behavior
in the mean-squared displacement is observed at the highest frequencies probed, which we attribute to the stress relaxation of protein
molecules or chains. Jeffreys-like complex shear moduli were computed thereof. The microenvironments of albumin, fibrinogen, and
gamma-globulin solutions (key plasma proteins) were probed as well. Single proteins in an aqueous buffer showed no signs of visco-
elasticity within experimental resolution. Conversely, mixed together, they appear to promote the same kind of short-term elastic behav-
ior seen in plasma. All in all, a fresh look at the shear rheology of BP is presented. © 2022 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1122/8.0000442

I. INTRODUCTION

The blood that runs inside our veins is a viscoelastic fluid.
Numerous studies devoted to characterizing, modeling, and
understanding its non-Newtonian behavior enrich the literature
that we know of today [1–4]. On the surface, blood exhibits a
shear-thinning response under steady shear and some bulk
elasticity—with a longest extensional relaxation time (λ) of 2–
3ms [5]. Less obvious and equally contributing to its complex
nature are other features, including but not limited to thixot-
ropy. Not as investigated as whole blood, however, is plasma,
the solvent in which all of the former’s cellular elements are
suspended: red blood cells (RBCs), white blood cells (WBCs),
and platelets. Blood plasma (BP) accounts for over half of the
blood’s volume, and the better part of it is plain water (Fig. 1).
In addition to water, BP is a mixture of proteins, electrolytes,
carbohydrates, and lipids (roughly 8% by volume). Its protein
composition is rather diverse (Table I), albeit albumin, globu-
lins, and fibrinogen are commonly mentioned. While albumin
is the most abundant, globulins comprise proteins such as anti-
bodies, i.e., immunoglobulins; lastly, fibrinogen is the protein
that promotes the final push toward blood’s coagulation,
despite its low concentration in plasma [6].

Interestingly, BP is, too, viscoelastic, albeit having been
regarded as Newtonian until recently. The weakly elastic
behavior of the biofluid was possibly first reported by Brust
et al. [5], who measured its λ under uniaxial extensional flow
using a CaBER-like1 apparatus (which is, in essence, a tech-
nique for tensile testing on fluids). They determined the
longest relaxation times of 0.9 and 0.5 ms at 20 and 37 �C
(core body temperature), respectively; not far from those of
whole blood. Moreover, the flow of BP was investigated
through a microfluidic contraction–expansion in order to
assess the combined effects of shear (near the walls) and
extensional (along the centerline) fluid deformations on the
pressure drop as a function of flow rate. They observed a
non-Newtonian response here as well, in the form of a non-
linear profile (which would otherwise be linear for a
Newtonian liquid). Ultimately, the viscoelasticity of BP
can only be attributed to macromolecular relaxations.
Much like polymers, shear and extension may cause pro-
teins to denature and stretch (also rotate), returning after-
ward to their initial conformational state (taking a given
relaxation time to do so). Plasma proteins and their elonga-
tional properties also have a say in the bulk flow behavior
of whole blood, either through direct (the viscoelasticity

a)Author to whom correspondence should be addressed; electronic mail:
campo@fe.up.pt 1Capillary breakup extensional rheometer (CaBER).

© Author(s) 2022.
J. Rheol. 66(4), 761–774 July/August (2022) 761

 28 N
ovem

ber 2023 12:44:55

https://doi.org/10.1122/8.0000442
http://orcid.org/0000-0003-1196-3796
http://orcid.org/0000-0001-7179-3800
http://orcid.org/0000-0002-8352-6539
http://orcid.org/0000-0003-2493-3238
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1122/8.0000442
mailto:campo@fe.up.pt
http://crossmark.crossref.org/dialog/?doi=10.1122/8.0000442&domain=pdf&date_stamp=2022-06-15


of the biological solvent) or indirect (by promoting RBC
aggregation) [8] influence.2

More recently, Varchanis et al. [9] and Sousa et al. [2]
revisited the subject using numerical and experimental
approaches, respectively. The former presented a comprehen-
sive study of the rheology of BP based on thorough numerical
modeling, using an optimization procedure for fine-tuning a
multimode Giesekus fluid model to match its linear and non-
linear behavior under selected flows. The simulations were
successful in estimating novel material functions from the
experimental data gathered by Brust et al. [5]. However,
limited rheological information concerning the linear visco-
elasticity of the biofluid was available at the time, mostly due
to the mechanical limitations of modern rheometers, which
lack the sensitivity required for such measurements. Recent
small amplitude oscillatory shear (SAOS) tests with
platelet-rich BP (considerably more viscoelastic than bare
plasma) by Mitra and co-workers are a good example of just
how difficult, not to say impossible, it is to extract reliable
data from low viscosity weakly elastic fluids via conventional
bulk shear rheometry [10]. Even Horner et al. [1] who charac-
terized the rheology of whole blood struggled with its also
weak inner structure, having conducted most of the oscillatory
tests outside the linear region of small deformations for that
reason. Hence, the elastic behavior of BP under shear (i.e., its
elastic modulus G0) is still a matter of debate, except for the
first-ever numerical prediction to include a spectrum of relaxa-
tion times (presented in the aforementioned work) [9] and the
recent evidence of a solidlike response using a custom parallel
disk (PD) fixture that promotes wetting [11]. Sousa et al. [2]
also used a custom-made CaBER-like setup to measure the λ

of BP and whole blood. They reported relaxation times of
almost an order of magnitude shorter than those measured by
Brust et al. [5], which was attributed to possible differences
between the two plasma collection protocols, e.g., the ratio
and type of anticoagulant used in the blood samples.3

Herein, we take a fresh look at the shear rheology of not
only BP but also its main proteins [bovine serum albumin
(BSA), fibrinogen (Fg), and gamma-globulins (γ-g); high-
lighted in Table I] in solution at physiological concentrations.
Since this biofluid is, in essence, a dilute protein solution, its
biomacromolecular composition, structure, and respective
reptation (relaxation) dynamics determine the strain response
of the bulk under an applied stress. Like polymer chains or
DNA [12], proteins in general can, too, influence how the
solutions in which these are dissolved flow. Despite the long-
standing interest in plasma proteins—mainly oriented toward
understanding the biophysical properties of whole blood—
little is still known about their contribution to overall BP rhe-
ology [2,9]. We demonstrate that multiple particle tracking
(MPT) microrheology enables measurements of network vis-
coelasticity in human plasma. This passive microrheological
technique has been widely employed to quantify the mechan-
ical properties of complex biomaterials [13,14,63] and
protein solutions [15–19] in the low moduli range, without
bulk strain and requiring only minute sample volumes.
Further, we show that mixtures of the plasma proteins inves-
tigated exhibit the same type of Jeffreys-like fluid rheology
as BP, whereas the single protein solutions behaved as purely
viscous within experimental resolution. We discuss these
results in terms of possible protein dynamics that promote
the viscoelasticity of the internal molecular matrix the likes
of other weakly elastic protein systems that display similar
non-Newtonian behavior [13,16].

FIG. 1. Average composition of blood (after centrifugation) and plasma [7].

2RBCs aggregate into rouleaux not only in periods of stasis but also at high
shear rates, as a consequence of BP proteins such as fibrinogen. Some of
these aggregates (reversibly) break apart as a result of fluid stresses and
single RBCs are capable of elongation as well, granting the biofluid its main
non-Newtonian features.

3Were it serum instead of plasma (minding the different rheology), the
addition of anticoagulant to whole blood would not matter since the
former—being deprived of fibrinogen—cannot clot.
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II. MATERIALS AND METHODS

A. Plasma samples and protein solutions

Aliquots of BP collected from three healthy subjects
(samples #1, #2, and #3) were stored at �80 �C in Falcon
tubes. The platelet-free plasma (kindly provided by Hospital
de Santo António, Porto, Portugal) was obtained by centri-
fuging the blood samples after withdrawal. Prior to use, each
human plasma sample was thawed to roughly 4 �C overnight.
The relevant physical and rheological properties of the bio-
fluid are shown in Table II.

Proteins were chosen based on their molecular weight and
concentration in normal plasma (see Table I). All the proteins
were obtained from Sigma-Aldrich and dissolved in a physio-
logical phosphate-buffered saline (PBS) formulated in-house
(0.02M sodium phosphate, 0.154M NaCl, pH 7.4) to a final
volume of 1 ml each, with the exception of human immuno-
globulin M (IgM), which was already provided as a solution

in a Tris-buffered saline (TBS) and was used as received.
Target concentrations (ctar) were those at which the proteins
are typically found in normal BP (Table III). In addition to
the single protein solutions, mixtures M1 (BSAþ Fgþ IgG)
and M2 (BSAþ Fgþ γ-g) were prepared from the initial
working stocks—ensuring the same individual effective con-
centrations (ceff ) as before. Following dissolution, all prepara-
tions were refrigerated (at about 4 �C) and used for
experiments within 12 h. The structures of the main plasma
proteins investigated herein are shown in Fig. 2.

B. Multiple particle tracking microrheology

MPT microrheology was used to measure the rheological
properties of the human BP samples and protein solutions.
MPT is a passive microrheological technique in which the
Brownian motion of probe particles is measured and related

TABLE II. Selected properties of human blood plasma at reference and
body temperatures. From left to right: density (measured using pycnometer),
and zero- (extracted from MSD) and plateau (bulk rheology measurement)
shear viscosities. Uncertainties are given as two-sigma errors of the means
(�X + 2σ).

ρ ηBP0 η∞
(g ml−1) (mPa s) (mPa s)

20 °C 1.027 ± 0.001b 1.82 ± 0.06a 1.67 ± 0.01b

37 °C n/a 1.27 ± 0.02b 1.23 ± 0.01b

aAveraged across all samples.
bSample #3 (more volume available).

TABLE I. Major plasma proteins (normal concentration range of total protein is 60–80 mgml−1) [6]. Low-density lipoprotein (LDL).

Protein fractions of human plasma Molecular weight (kDa) Concentration (mgml−1)

Transthyretin 62 <1.5
Albumin 69 35–55

Globulins α1 α1-Antitrypsin (α1AT) 54
1–4

⋮

α2 α2-Macroglobulin 725
4–11Haptoglobin 100

⋮

β β-Lipoprotein (LDL) 380
5–12Transferrin 80

⋮

γ Immunoglobulins (Ig) IgA 160

7–17
IgD 170
IgE 190
IgGa 150
IgM 970

⋮

Complement C3 185 <1.5
Fibrinogen 340 1.5–3
⋮

aAbout 75% of Ig.

TABLE III. Single plasma protein solutions probed. Product number and
details, effective and target concentrations, and pH in solution.

Product no. Origin Form
ceff (ctar)
(mg ml−1) pH

BSA A7906 Bovine

Powder

44.8 (45)a

7.4cFg F3879 Human 2.8 (2.5)a

IgG I4506 Human 13.0 (12)a

γ-g G5009 Bovine 16.0 (16)a

IgM I8260 Human TBS 0.8–1.2 (1)b 8.0

aQuantification using NanoDrop spectrophotometer (A280 measurement).
bEffective range specified by the supplier (A280 measurement).
cPBS.
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to bulk rheological properties using the generalized Stokes–
Einstein relation (GSER) by

J(τ) ¼ 3πa
dkBT

Δr2(τ)
� �

, (1)

where J is the creep compliance, τ is the lag time, kBT is the
thermal energy, d is the number of spatial dimensions, a is
the probe radius and Δr2

� �
is the two-dimensional (d ¼ 2)

ensemble-averaged mean-squared displacement (MSD) of
the particles undergoing Brownian motion over time, τ
[24,25]. Unlike active (nonlinear) microrheology methods
that measure the response of a probe particle to an external
force (e.g., driven magnetically), passive measurements use
only the thermal energy of embedded colloids to measure
rheological properties in the linear viscoelastic (LVE) region.
Viscous fluids show irreversible deformations to stress,
whereas elastic materials return to their original shape after the
removal of stress. Equation (1) shows that the MSD is directly
proportional to the macroscopic creep compliance of the mate-
rial, i.e., its tendency to deform permanently over time. In the
limit for a spherical Brownian particle diffusing within a
Newtonian solution of viscosity η0, J ¼ τ=η0 and the GSER
simplifies to the Stokes–Einstein–Sutherland equation

η0 ¼
dkBT

3πa Δr2(τ)h i τ: (2)

Under such conditions, probes exhibit diffusive trajectories
characterized by Δr2

� �/ τ (purely viscous response). In vis-
coelastic systems, the MSD exhibits an emerging dependence
on lag time; typically a power-law scaling, Δr2

� �/ τα,
where α is the diffusive (or power-law) exponent.
Subdiffusive behavior (0 , α , 1) initially occurs at early

lag times and the MSD exhibits a crossover to diffusive
behavior (α ¼ 1) at longer lag times. If that is the case, vis-
cosity can be evaluated at the purely viscous long-time slope
of the MSD using Eq. (2). Subdiffusive behavior at short lag
times reflects an elastic response arising from particle entan-
glement in the molecular network, due to the relaxation of
the Rouse-like fluctuations of its macromolecules. Thus, an
increase in the longest relaxation time λ is evident by the
increase in time required for the MSD scaling to recover to
unity, ultimately exhibiting a power-law dependence over all
times and subsequent dynamics from increased entangle-
ments in more crowded solutions.

As long as the length scale of the probes is much larger
than the characteristic mesh size of the network in the
complex fluid, bulk rheology can be inferred from the
passive bead trajectories using the real and imaginary compo-
nents of the frequency-dependent complex shear modulus
G* ¼ G0 þ iG00 and Euler’s formula with

G*(ω) � dkBT exp iπα(1=ω)=2½ �
3πa Δr2(1=ω)h iΓ 1þ α(1=ω)½ � , (3)

where Γ designates the gamma function, ω ¼ 1=τ is angular
frequency, and α is the aforementioned logarithmic slope
assumed for the MSD [26]. Herein, we employ the algebraic
approximation to the GSER proposed by Dasgupta et al.
[27], which—despite more robust than Eq. (3)—is also based
on power-law approximations of the data.

All the fluids were seeded with approximately 0.05%
(w/w) of 3 μm (nominal) radius poly(methyl methacrylate)
(PMMA) probe particles (Spheromers CA6, Microbeads
AS). The mean particle diameter in our lot is 6:1 μm and
their density (ρp) is 1:2 gml�1, as given by the manufacturer.
Tracers naturally probe viscoelasticity on length scales com-
parable to their size, i.e., depending on mesh size, smaller
particles might only measure Brownian motion where larger
ones measure the viscoelasticity that represents the bulk rhe-
ology [28–30]. The choice of such large probes was not only
to make sure that the medium was treated as a continuum
and ensure the GSER’s validity4 but also to promote slow
diffusion and prevent dynamic error in the MSD (more on
that in Sec. S1 of [31]). The probing was carried out shortly
after the introduction of the beads in an attempt to avoid pro-
longed sedimentation (see Sec. S2 of [31] for details on
accounting for probe-wall hydrodynamic interactions). A
poly(ethylene oxide) (PEO) aqueous solution is used to vali-
date the experimental microrheology setup (Sec. S3 of the
supporting information in [31]).

A fluid volume of roughly 260 μl was then loaded into the
sample chamber (137-1-40, Hellma Analytics) and its in/
outlets were sealed. Both fluid and ambient temperatures
were monitored by taking readings immediately before and
after each measurement using a standard thermocouple. The

FIG. 2. Structures of BSA (upper left, or green in online figure), IgG (left
center, or purple in online figure), Fg (bottom, or blue in online figure), and
pentameric IgM (upper right, or yellow in online figure) to scale. Atomic
models obtained from the protein data bank (PDB) with IDs: 4F5S [20],
1HZH [21], 3GHG [22], and 2RCJ [23], respectively. The length of the Fg
molecule is 4.5 nm (45 Å).

4Again, in order to measure continuum viscoelasticity and extract bulk prop-
erties, the colloidal particles must be larger than all the structural length
scales of the material.
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mean fluid temperature inside the chamber at ambient condi-
tions (Tref ) was 20:9+ 1:9 �C (averaged across all experi-
ments), with the room temperature being 20:0+ 1:3 �C
(2-sigma error). The optical setup consisted of an inverted
microscope (DM IL LED, Leica) equipped with a 63� mag-
nification and NA ¼ 0:7 numerical aperture objective (HCX
PL FLUOTAR L, Leica). Once the loaded sample was
assumed stationary, particle displacements were tracked
using a high-speed CMOS camera (FASTCAM UX100,
Photron) in a field of view and depth of focus of about
123� 123� 1–2 μm (at 0:16 μmpx�1 magnification) at a
rate of f ¼ 125 fps and f ¼ 8 ms exposure time (i.e., shutter
speed) for 3750 frames (;30 s). Measurements of BP at
body temperature (Tbody) were performed on top of a heated
glass plate (TPi-SQMX, TOKAI HIT) positioned on the
microscope’s stage and connected to a temperature control
unit (MATS, Leica) that kept the biofluid at 38:0+ 2:0 �C
(average +2σ across all experiments; negligible temperature
gradients, ,1 �C, measured during probing).

The trajectories of the colloidal particles were tracked
using the routines developed by Crocker and Grier [32] (and
implemented alongside Weeks and a few others). The
random walks measured were dedrifted to prevent convective

drift from affecting the results and particle–particle interaction
artifacts were avoided by only tracking probes reasonably far
away from each other. Static and dynamic particle tracking
errors were accounted for in the data, as detailed in Sec. S1
[33]. Multiple local microenvironments were probed and indi-
vidually checked for heterogeneity within each sample loaded
so that the (here similar) Brownian dynamics characterizing
the different probing sites could be combined into a single
second-order ensemble average (i.e., MSD) in order to
increase statistical accuracy and better investigate heterogene-
ity. Figure 3 illustrates this technique as well as the MPT
microrheology framework employed, from the loading of
samples into the chamber to the determination of rheological
properties from the two-dimensional random walks tracked.

The viscosity η0 of the BP and protein solutions was
extracted from the purely viscous long-time slope of the
MSDs using Eq. (S7). The operating regime of our passive
microrheology system limits the MSD lag times between
τmin ¼ 1=f and the somewhat arbitrary τmax [for which we
found some meaning in Sec. III A; see Figs. 4(a) and 4(c)]
[34]. Viscosity flow curves were obtained for BP using a
rotational rheometer (Kinexus pro, Malvern) fitted with PD
and concentric cylinder (CC) fixtures. A Peltier-controlled

FIG. 3. Schematic illustrating the passive microrheology framework (probes are not to scale). Multiple Brownian particle trajectories measured within the
sample chamber are ensemble-averaged together to increase statistical accuracy. Likewise, the combined MSD introduced in Sec. III A was calculated from par-
ticle displacements tracked in the plasma samples #1, #2, and #3.
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hood kept the fluid temperature constant (20 and 37 �C) and
prevented its evaporation. Whenever conventional bulk rheol-
ogy measurements are presented, the relevant mechanical
and sample-related experimental limits of shear rheometry
are plotted: low-torque limit and secondary flow effects for
steady shear data, and instrument inertia effects for SAOS
data [Figs. S2 and 4(d), shaded regions] [35].

III. RESULTS AND DISCUSSION

We now present a detailed description of the main findings
drawn from the data gathered, purposely introduced and com-
mented on in two separate instances matching both the
experimental and conceptual tempos of the investigation: in
Sec. III A, we extend the current knowledge about the rheol-
ogy of BP with more complete and novel datasets of shear
flow material functions, adding to the many proofs of its
(subtle) viscoelastic nature; in Sec. III B, we investigate if

individual and mixed plasma proteins at normal concentration
in PBS convey measurable elasticity to the bulk.

A. Rheological characterization of human blood
plasma

As previously mentioned, human BP collected from three
different donors was used in the experiments. The MSDs
measured in each sample are shown in Fig. 4(a) and are qual-
itatively described by a three-parameter Jeffreys fluid model
(parameters provided in the caption of Fig. 4), rather than by
the typical power-law scaling.5 The MSD of a bead in a

FIG. 4. Rheological characterization of human blood plasma at 20 and 37 �C. (a) MSD as a function of lag time τ. (Upper inset) Viscosity obtained using
Eq. (S7) is plotted as a function of τ for the multisample MSD (20 �C). ηBP0 is extracted from the long-time limit of the MSD, where τ=(τ þ τJ) approaches
unity. (Lower inset) Subdiffusive deviation from the Newtonian profile at the shortest lag times. (b) Real and imaginary parts of the inferred complex shear
moduli G*. (Inset) ηBP0 at 20 and 37 �C (two-sigma error bars). (c) Ensemble scaled variance of the MSDs measured in each sample. [(d) and (e)] Steady shear
rheology of BP compared to (*) literature [5]. The C–Y fits (with parameters ηC�Y

0 ¼ 4:64 mPa s, _γC�Y ¼ 1:39 s�1, n ¼ 0:35, and a ¼ 0:24 at 20 �C) are shown
in blue in the online figure. [Inset of (e)] Complex viscosity’s magnitude as a function of angular frequency. The gray lines (online figure) in (a), (b), and (e)
correspond to the complex moduli of a Jeffreys fluid (τc ¼ 6:88 ms, η0 ¼ 1:80 mPa s, and υ ¼ 4:68 ms at 20 �C).

5This model is a generalization of the classic Maxwell fluid for the case of
additional viscous contributions during high-frequency (ωτc . 1) probing,
using the parameter υ. Notationwise, it is henceforth presented in one of its
two possible spring-and-two-dashpots configurations.
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Jeffreys fluid yields from the Langevin equation [36] (that
shortly followed Einstein’s theory of Brownian motion) and
has been used to describe the Brownian dynamics of micro-
spheres in soft materials before [37]. In fact, both Maxwell
and Jeffreys models have proven very useful theoretical tools
for gaining insight into the qualitative effects of viscoelastic-
ity on Brownian motion [15,37,38]. For ease of understand-
ing, we present first the formula for the creep compliance J
in a Jeffreys fluid and only then the MSD. Hence, the former
can be written in a Maxwellian form as

J(τ) ¼ 1
η0

τ þ τJ(τ)½ �, (4)

with the physically meaningless6 equivalent of the character-
istic Maxwell relaxation time τc for the Jeffreys fluid being

τJ(τ) ¼ (τc � υ) 1� exp � τ

τc

� �� �
, (5)

where υ is the retardation time characteristic of its additional
dissipation mechanism (or dashpot), i.e., the background sol-
vent’s viscosity [38,39]; finally, from Eqs. (4) and (5) comes
(for τ = 0)

Δr2(τ)
� � ¼ dkBT

3πa
J(τ) ¼ dkBT

3πaη0|fflffl{zfflffl}
Δ2
0=τJ(τ)

τ þ τJ(τ)½ �

¼ dkBT

3πaEJ
0(τ)|fflfflfflfflffl{zfflfflfflfflffl}

Δ2
0

1þ τ

τJ(τ)

� �
: (6)

Looking at Eq. (6), it becomes clear that η0 ¼ EJ
0τJ and that

the MSD has a slope of 2dD ¼ Δ2
0=τJ (D is the diffusion

coefficient) and an offset (i.e., the y-intercept at τ ¼ 0) of Δ2
0.

Here, EJ
0 can be regarded as the physics-wise meaningless6

equivalent of Maxwell’s short-term shear modulus EM
0 ¼ η0=τc.

The increasing subdiffusive deviation from the Newtonian
linear slope of 4D at the shortest lag times (heading toward
the offset Δ2

0 as τ ! 0) is indicative of an elastic response to
the Brownian motion-induced shear stress [12,28], being tied
to the relaxation of proteins in solution [13,15,16]. The probe
particles end up interacting with the protein molecules at
these timescales via the viscoelastic dynamics of the molecu-
lar network that they compose, which in turn influences par-
ticle motion. This deviation can be quantified by taking the
ratio between the MSD of a diffusing bead in a viscous fluid
and in a Jeffreys fluid [Eq. (6)], which gives τ=(τ þ τJ). At
body temperature, the curvature in the MSD is less apparent
and for even shorter lag times (faster relaxation) [5]. The
working range of our microrheology setup boxes the MSDs
measured within the bounds NF, τmin and τmax (introduced in
Secs. II B and S1 of [31]), which are shown in Fig. 4(a) for

clarity [the upper limit τmax on the MSD lag times shall be
better understood upon discussion of Fig. 4(c)].

Since the particles tracked in the three BP samples dis-
played identical dynamical signatures (each sample was
checked for heterogeneity) and the fluid temperature mea-
sured across these experiments never exceeded a 2-sigma
error of +1:6 �C (of the mean 20.2 �C), a multisample MSD
was computed with all the trajectories. From the long-time
slope of this MSD [where the behavior is purely viscous
and τ=(τ þ τJ) � 1], the zero-shear viscosity of human
plasma (ηBP0 ) at reference temperature was estimated at
1:82+ 0:12 mPa s, as depicted in the upper inset of Fig. 4(a)
(here, the four-sigma error was propagated from the uncer-
tainty affecting the ensemble-averaged MSD: its variance σ2;
reflecting the influence of the individual MSDs calculated
from time-averages over each trajectory considered). Note
that the error in the viscosity is rather small—even more so
considering that it is a four-sigma error, encapsulating essen-
tially the entire Gaussian distribution that one may construct
from it [see Fig. 4(e)]—which is a measure of the degree of
the statistical accuracy characterizing the MSDs calculated.

Having obtained the trajectories of colloidal spheres
embedded in the different BP samples and ensemble-averaged
them into a single MSD, we measured the frequency-
dependent complex shear modulus G* of the biofluid. The
data are shown in Fig. 4(b), showcasing a dominant viscous
response (G00 . G0) seemingly all throughout the frequency
domain. The behavior of the moduli is, again, reminiscent of a
Jeffreys model thanks to the background viscosity η1 that dif-
ferentiates it from the single-relaxation-time Maxwell fluid,
preventing G00 from plunging at frequencies greater than 1=τc
unlike the latter (which does not account for the dissipation in
the solvent) [38]. Near this angular frequency (ωτc � 1)—
according to the Jeffreys fluid model—the magnitude of the
dynamic complex viscosity jη*j shear-thins (for τc . υ) from
η0 to η1. For this type of fluid, the frequency-dependent real
and imaginary parts of G* read

G*(ω) !
G0(ω) ¼ η0ω

(τc�υ)ω
1þτ2cω

2

h i
G00(ω) ¼ η0ω

1þτcυω2

1þτ2cω
2

	 
 ,

8<
: (7)

respectively. The zero-shear viscosity is η0 and the plateau
one is η1 ¼ η0υ=τc. The plateau modulus of the Jeffreys
fluid is found by doubling the storage modulus evaluated at
angular frequency 1=τc (the crossover frequency ωc in a
Maxwell fluid),

Gp ¼ 2G0(1=τc) ¼ η0(τc � υ)
τ2c

¼ E0

EM
0

, (8)

where E0 is Jeffreys’ actual short-term shear modulus, which
yields from its time-dependent relaxation modulus,

E(τ) ¼ η0
τc

υτ þ η0
τc

1� υ

τc

� �
exp � τ

τc

� �� �
(9)

at τ ¼ 0 [39]. Doing likewise for the Maxwell model (υ ¼ 0)6Considered solely for explanatory purposes as a function of time τ.
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yields a simpler expression for its plateau modulus,

GM
p ¼ 2G0

υ¼0(ωc) ¼ 2G00
υ¼0(ωc) ¼ η0

τc
[ G0

υ¼0(ωc) ¼ G00
υ¼0(ωc) ¼ GM

c , (10)

where GM
c ¼ GM

p =2 is the crossover modulus and GM
p ¼ EM

0 .
The medium’s elastic response to the Brownian probes

is characterized by the storage modulus G0, which is
related to the curvature of the MSD’s leftmost part (where
protein relaxation is felt). To the best of the authors’
knowledge, this modulus constitutes the first experimental
evidence of bulk elasticity under shear in normal BP.
Together with the loss modulus G00, the moduli quantify
the linear viscoelasticity of the complex biofluid.
Varchanis et al. [9] estimated the crossover from elastic to
viscous behavior—here, also the intermediate regime
bridging the short- to the long-time diffusion—at a time
constant of order 0.09 ms (the point at which a pro-
nounced deviation from the terminal scaling G0 / ω2 is
observed), but predicted lower values for the elastic
modulus of BP by comparison with the present results.

Figure 4(c) quantifies the spatial heterogeneity of each BP
sample according to the method developed by Savin and Doyle
[40]. The heterogeneity ratio (termed by Rich et al. [41])

HR ¼ M2(τ)

M1(τ)2
(11)

is a dimensionless number defined as the ratio of the ensem-
ble variance to the square of the ensemble mean of the indi-
vidual MSDs, where M1 and M2 are estimators for Δx2

� �
and Δx4

� �
=3� Δx2

� �2
, respectively, in one dimension (with

Δx4
� �

being a fourth-order ensemble average, or moment).
M2 is, therefore, a measure of how spatially disperse the
particle dynamics are in a material since the probing is per-
formed locally in multiple positions within the sample.
Figure 4(c) also highlights the cut-off lag time above which
discrepancies are observed in the ensemble-averaged MSDs,
here used as the upper working limit τmax. To the left of
τmax we observe evidence of BP being homogeneous
(HR � 0). One can then expect that all the particles dis-
played similar dynamical signatures (i.e., MSDs) no matter
their probing site, suggesting that the spatial distribution of
material properties in human BP is uniform and the biofluid
is isotropic. This explains the use of a passive probing tech-
nique based on the motion of single particles, rather than
pairs (the latter is particularly useful for probing heteroge-
neous media) [42]. Alternative methods of quantifying het-
erogeneity do exist, the most common being the van Hove
analysis of the probability density functions (PDFs) of parti-
cle displacements at selected lag times—which should be
Gaussian if the medium is homogeneous [41,43], corre-
sponding to classical random walk statistics (measured in
Cartesian coordinates) [44].

The flow curves shown in Fig. 4(d) add to the steady
shear rheology of BP presented in Brust et al. [5] [shown in
Fig. 4(e)] by covering a wider shear rate spectrum at both

reference and body temperatures (Tref ¼ 20 �C and
Tbody ¼ 37 �C, respectively), while also revealing a mild
shear-thinning character. At reference temperature, the shear
rate-dependent viscosity of the biofluid was measured using
two different geometries (see Sec. II B for details) so as to
maximize the range of the shear rate ramp swept, albeit a
small gap outside the experimental limits could not be
accessed. To fill this gap, the Carreau–Yasuda (C–Y) gener-
alized Newtonian fluid (GNF) was used to model the slight
shear-thinning of the flow curve,

η ¼ η1 þ ηC�Y
0 � η1

� �
1þ _γ

_γC�Y

� �a� �n�1
a

, (12)

where η1 ¼ 1:67 mPa s (Table II) and ηC�Y
0 , _γC�Y, a and n

are the best-fit zero-shear viscosity, characteristic shear rate
for the onset of shear-thinning, zero-shear (or Newtonian)
plateau to power-law region transition parameter
(0 , a , 2; doing a ¼ 2 yields the Carreau model) and
power-law index (0 , n , 1; doing n ¼ 1 yields a
Newtonian fluid with viscosity ηC�Y

0 ), respectively [45].
The model—which describes the flow curve at 20 �C well—
was then used to infer the viscosity at 37 �C for shear rates
to the left of those swept using the PD measuring geometry.
To do so, the time-temperature superposition (TTS) princi-
ple with a shift factor of

aT � η
Tbody1
ηTref1

{ δηj j � δ(Tρ)j j (13)

(here, δY means a temperature-driven change in the value
of Y ) was employed, assuming that BP is a “thermorheologi-
cally simple” fluid [46]. The C–Y model of Eq. (12) defined
at 20 �C (parameters provided in the caption of Fig. 4) can,
thus, be shifted along both axes to 37 �C by plotting the
reduced viscosity ηaT against the reduced shear rate _γ=aT.
As expected, the shifted curve matches the steady shear data
measured with the PD geometry and does a good job at pre-
dicting the seemingly shear rate-dependent viscosity at lower
shear rates, based on the complete flow curve that Eq. (12)
was modeled after. The same (timescale) factor aT and an
additional one, bT (determined empirically), were used to shift
the Jeffreys model that describes the MSD and frequency-
dependent moduli of BP at Tref along their corresponding x
and y axes, respectively, to Tbody [Figs. 4(a) and 4(b), gray and
blue lines in online figure]. This way, the shift factors aT and
bT collapse the MSD, moduli, and shear viscosity data mea-
sured at reference and body temperatures onto single master
curves (not shown) using the appropriate scaling laws [47].

Figure 4(e) shows the steady shear rheology of BP
(sample #3) measured at reference temperature, compared to
the dataset presented in Brust et al. [5]. Moreover, the
Gaussian (or normal) PDF of the zero-shear viscosity ηBP0
extracted from the MSD is displayed (up to +4σ), as well as
the frequency-dependent complex viscosity’s magnitude
jη*j ¼ jG*j=ω [determined from the moduli in Fig. 4(b)] and
its corresponding Jeffreys fit. All the viscosity functions
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shown are in good agreement with each other—including
jη*j as a function of ω, which can be compared to the rest
using the rule of Cox–Merz [48] (the inset shares the units of
the parent axes)—supporting the correctness of the results
presented.

Although not the first, Castellanos et al. [49] and
Gudapati et al. [50] reported that under steady shear flow,
globular (e.g., albumin and immunoglobulins) and fibrous
(e.g., fibrinogen) proteins, respectively, display an apparent
low shear viscosity increase as a result of protein adsorp-
tion to the solution/air interface. This produces a shear-
thinning flow curve that is an artifact of the interfacial
phenomena taking place, which can be countered, for
instance, with the addition of surfactants. The subtly
decreasing viscosity with shear rate that we measured for
BP [Figs. 4(d) and 4(e)] could be ascribed to the

surface-induced distorted bulk response just-mentioned,
despite Ariola et al. [51] having reported no such surface
elasticity in serum. Nevertheless, to mitigate such artifacts,
we used a concentric cylinder (or single gap Couette) mea-
suring geometry to sweep the low-end (roughly 1–100 s�1)
of the shear rate range investigated, which is the best for
this purpose according to Zhang et al. [52]. Protein aggre-
gation in the bulk also promotes low shear viscosity
increase, and we find this more likely to be the cause here
[49,53]. In fact, both agitation and shear are known to
promote protein aggregation [54].

B. Plasma proteins microrheology

We performed passive microrheology on plasma proteins
—namely, albumin (BSA), fibrinogen (Fg), and

FIG. 5. Passive microrheology of selected plasma proteins in PBS at reference temperature. [(a)–(d)] Loss modulus is shown as a function of angular fre-
quency ω for single proteins in solution. Dotted lines indicate Newtonian fluid behavior. [(e)–(g)] Shear moduli as a function of ω for solutions with multi-
ple dissolved proteins. [Insets of (a)–(g)] MSD as a function of lag time. Solid lines indicate simple diffusion. (h) Scaled shear moduli are plotted as a
function of scaled angular frequency for BP and solutions γ-g, M1, and M2. (Inset) Normalized MSD as a function of normalized lag time. The data col-
lapse onto a single master curve, given by Eq. (6). (i) Viscosity η0 of the protein solutions. ( j) Cole–Cole plot for viscosity (for the Jeffreys model this is a
semicircle). All inferred shear moduli were approximated using Eq. (3). Gray and colored lines (online figure) in (e)–(h) and ( j), respectively, represent the
rheological response of a Jeffreys fluid.
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immunoglobulins G (IgG) and M (IgM),7 at physiological
concentrations—individually and mixed together in PBS
(Fig. 5). All the single protein solutions investigated exhib-
ited Newtonian behavior: a linearly growing MSD/ τ and
resulting viscous shear modulus G00 / ω [Figs. 5(a)–5(d)].
Conversely, the protein mixtures probed [Figs. 5(e)–5(g)]
showcased MSDs subtly subdiffusing off the simple

diffusion profile at the shortest lag times, resembling those
obtained for the BP samples [Fig. 4(a)]. Consequently,
from the MSDs measured, loss and storage moduli were
computed.

The MSD and storage and loss moduli that reveal visco-
elasticity (solutions γ-g, M1 and M2) are, too, qualitatively
described by the Jeffreys fluid model (gray lines in online
figure). Least-squares fits (with a Powell minimization algo-
rithm) were used when fitting Eqs. (6) and (7) to the MSD
and viscoelastic shear moduli experimental data, respectively,
likewise the Jeffreys fit to the BP datasets [Figs. 4(a), 4(b),
and 4(e) (inset), gray lines in online figure]. In Fig. 5(h), we

FIG. 5. (Continued.)

7A mixture of gamma-globulins (γ-g) containing IgG, IgM, and IgA (accord-
ing to the supplier) was also used, as detailed in Sec. II A.
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collapse the MSD and inferred moduli measured in BP and
solutions γ-g, M1 and M2 onto master curves, accordingly:
the individual MSDs are scaled by their respective Δ2

0 and
τJ—see Eq. (6)—so that each collapses onto the normalized
diffusive behavior in a Jeffreys fluid, Δr2

� �
=Δ2

0 ¼ 1þ τ=
τJ , y ¼ 1þ x; to collapse the moduli G datasets approxi-
mated using the GSER onto normalized Jeffreys storage and
loss moduli master curves, the frequency axis was scaled by
τc, the elastic modulus axis by Gp, and the viscous modulus
axis by GM

c . This way, we end up with a MSD master curve
with an offset and slope of unity, and G master curves with a
plateau modulus and characteristic time of unity as well. By
superposing the experimental data in this manner, the
Jeffreys-like rheology of the fluids in question stands out. For
frequencies roughly above 1=τc, the dimensionless loss
modulus branches into four curves (each corresponding to one
of the fluids). This branching can be quantified by taking the
ratio between the retardation and relaxation times
[0 , (υ=τc ¼ η1=η0) , 1]: here, all the way from 1 for a
Newtonian fluid—where υ ¼ τc and the complex shear
modulus is strictly imaginary according to Eq. (7) (υ and τc
cancel one another out), resulting in a linear parent branch (not
shown)—to approximately 0.68 for BP (the outer branch).8

In Fig. 5(i), we rank the protein solutions according to
their long-time zero-shear viscosity η0 extracted from the
MSD, from a minimum of ηPBS0 (solvent) to a maximum of
ηBP0 . We find that the viscosities rank as expected, propor-
tional mainly to protein concentration but also molecular
weight (except for solution γ-g, likely a consequence of the
temperature). Higher concentrations promote particle entan-
glement in the molecular network, thereby restricting particle
motion. We highlight the yellowish color of solution M2, the
one that resembles BP the most in terms of protein composi-
tion. A Cole–Cole plot was graphed to compare the protein
solutions that revealed viscoelasticity and BP, in terms of the
magnitude of their viscous (G00) and elastic (G0) components
[Fig. 5( j)]. For a Jeffreys fluid, we found that the Cole–Cole
plot for viscosity is semicircular. We also found that the
same rainbowlike pattern observed in the branching of the
normalized loss modulus [Fig. 5(h)] is recovered in the semi-
circles’ radii. Interestingly, the relation between the
Newtonian plateau viscosities ηBP0 . ηM2

0 . ηM1
0 . ηγ-g0

drawn from the purely viscous long-time slope of the MSDs,
is not reflected in the semicircles’ radii. The reason is that the
construction of a Cole–Cole plot from, in this case, the
complex viscosity’s η0 ¼ G00=ω and η00 ¼ G0=ω parts (scaled
by η0, here estimated at long times using η0) encompasses the
entire diffusive behavior captured by the MSD, including the
subdiffusive dynamics at short times τ ≲ τc (or high frequen-
cies ω ≳ 1=τc). Therefore, the different radii give information
on the viscoelasticity of the fluids (which can possibly be
estimated by the short-term elastic modulus inferred from the
passive Jeffreys rheology: EBP

0 . EM1
0 . EM2

0 . Eγ-g
0 ). The

pattern observed in the branching of the dimensionless loss

modulus for the Jeffreys fluids [Fig. 5(h)] was found to repeat
itself at least in the semicircles’ radii of the Cole–Cole plots
[Fig. 5( j)], in the ratio between the retardation and relaxation
times (υ=τc), in the short-term elastic modulus (E0), and in the
degree of anomalous diffusion exhibited by the MSDs for
τ ≲ τc, and agrees well with the slopes of the MSDs at shorter
lag times (αBP , αM1 , αM2 , αγ-g , 1) and inferred
moduli determined by the passive microrheology.

From the zero-shear viscosities and Cole–Cole plots pre-
sented in Figs. 5(i) and 5( j), respectively, one concludes that
despite the higher protein concentration of solution M2 com-
pared to M1 (ηM2

0 . ηM1
0 ), the former exhibits less viscoelastic-

ity (EM2
0 , EM1

0 ). Perhaps a temperature effect could explain
this; however, do note that the viscoelastic shear moduli
inferred are estimates based on a power-law approximation to
the MSD [Eq. (3)], which is not the best for the frequency
response expected for Jeffreys [Eqs. (6) and (7)] or Maxwell
[Eqs. (6) with τJ ¼ τc and (7) with υ ¼ 0] models [15].

Ultimately, we have considered the viscoelastic dynamics
of the protein systems investigated analogous to those of
polymer solutions, i.e., protein molecules adopting random
coil chain conformations and contributing to the complex
rheology of the bulk in a similar fashion. Based on our find-
ings, we see no likelihood of single plasma protein solutions
at physiological concentrations displaying measurable elastic
behavior in the small deformations regime of LVE. The same
concentration of BSA in water measured by Brust et al. [5]
under extensional flow (despite more accurate techniques for
measuring protein extensional rheology having appeared
since [55]) exhibited a Newtonian response in our experi-
ments as well. Nevertheless, the unraveling or self-
associating properties of individual plasma proteins may still
very well have a profound influence on the elasticity of the
whole [9,53,56].

Unlike in BP, the role of protein content on bulk rheology
has been widely investigated in synovial fluid [13,52,57,58].
The formulation of analog solutions (model synovial fluids)
composed of hyaluronic acid—the polysaccharide mainly
responsible for the viscoelasticity of the joint lubricant—and
plasma proteins—such as albumin, immunoglobulins, and
fibrinogen—is also common practice. However, besides a
number of the protein-driven viscoelastic phenomena
reported having been later attributed to interfacial rheology
(of the kind already mentioned) [49–51], most of the data
concerning the little to no effect of plasma proteins on syno-
vial fluid’s bulk properties were obtained by macroscopic
mechanical rheology or microfluidic rheometry measure-
ments [52,57], hence lacking the fine-grained probing capa-
bilities of Brownian tracers. For instance, Jay et al. [13] used
MPT microrheology to demonstrate that lubricin-deficient
synovial fluid lacked the short-term elasticity that the MSD
of colloidal particles diffusing through normal synovial fluid
revealed. Just like lubricin (PRG4) affects the rheology of
synovial fluid—despite its scarce abundance (at a concentra-
tion of about an order of magnitude lower than IgM’s in BP)
and IgG-like molecular weight—selected plasma proteins
could, too, be promoting the non-Newtonian behavior of BP.

The fact that the 45mgml�1 BSA solution exhibited
purely viscous behavior over all lag times and the γ-g

8A ratio of zero would imply υ ¼ 0, i.e., the single-relaxation-time Maxwell
fluid, which has no solvent plateau viscosity η1.
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solution at 16mgml�1 (and lower viscosity) did not, indi-
cates that protein concentration alone does not account for
the elastic response under physiological conditions. Thus, we
are led to consider other possible origins of the weakly
elastic behavior observed. In addition to the protein concen-
tration, molecular weight, and/or extensibility effects, we can
also give another interpretation of the present results: the for-
mation of protein complexes promoted by protein–protein
interactions (PPIs). Similar works have attributed subdiffu-
sive behavior in the MSD to protein binding before, which
correlates with bulk elasticity via the enhanced flexibility of
the network-forming bound molecules [13,16]. Although it is
not far-fetched to suggest that protein complexes may explain
the occurrence of anomalous diffusion at short times, it
cannot be assumed a priori and only seldom has it been
experimentally verified among plasma proteins
[53,56,59–62]. Further investigation is still required to possi-
bly confirm the presence of labile/nonspecific protein interac-
tions and provide a better perspective in establishing a
quantitative link between the molecular interplay at the
microscopic scale and the biophysical properties of BP.
Progress in these directions will narrow even more the gap in
understanding between the biology and rheology of the
biofluid.

IV. CONCLUSIONS

We have experimentally quantified the linear viscoelastic-
ity of blood plasma (BP) by determining its frequency-
dependent complex shear modulus G*. Human plasma
samples collected from three donors were probed using mul-
tiple particle tracking microrheology and the steady shear
rheology of the biofluid—which revealed a mild shear-
thinning—was obtained using a rotational rheometer. Plasma
proteins (namely, albumin, fibrinogen, and immunoglobulins
G and M) were separately dissolved at physiological concen-
trations in a phosphate-buffered saline (pH 7.4) and probed
as well, in order to investigate their contribution to the bulk
rheology. The corresponding mean-squared displacements
(MSDs) of the embedded colloids revealed no evidence of
non-Fickian diffusion within the frequency range probed,
i.e., MSD/ τ for all lag times (Newtonian behavior). The
proteins were then mixed together at physiological concentra-
tions in the same buffer solution; a mixture of immunoglobu-
lins (G, M, and A) was equally prepared. Like in BP, the
MSDs obtained for the physiologically relevant analog
protein solutions—i.e., model BP—exhibited logarithmic
slopes lower than unity at short timescales and inferred fre-
quency responses reminiscent of a Jeffreys fluid. The viscos-
ity η0 of all the fluids was extracted from the purely viscous
long-time slope (zero-shear limit) of the MSDs, appearing to
be dependent mainly on protein concentration. In conclusion,
we put forth the combined effects of protein concentration,
molecular weight, and/or extensibility as the cause for the
weakly elastic behavior observed in shear.

Notably, the results presented also provide insight into the
complex rheology of whole blood, whose elastic stress
response begins at the molecular level via protein relaxation
and protein-driven red blood cell aggregation [8].
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