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Abstract

Since their first appearance in the "70s, Optical T'weezers have been success-
fully exploited for a variety of applications throughout the natural sciences,
revolutionising the field of micro-sensing. However, when adopted for microrhe-
ology studies, there exist some peaks & troughs on their modus operandi and
data analysis that I wish to address and possibly iron out, providing a guide to
future rheological studies from a microscopic perspective.
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1. Introduction

In the ‘70s, a team of researchers led by Arthur Ashkin (the co-winner of the
2018 Nobel Prize in Physics) developed [1 2, B] what has revealed to be an
invaluable tool for a myriad of investigations throughout the natural sciences [4]
o[5] o[6] o[7] o[8] o[9]: “Optical Tweezers” (OT). Their success relies on the
inherent property that a highly focused laser beam has to weakly trap (in three
dimensions) micron-sized dielectric objects suspended into a fluid. OT have
proved to be exceptionally sensitive transducers capable of resolving ‘pN’ forces
and ‘nm’ displacements with a high temporal resolution; i.e. down to a few
‘usec’, reshaping the field of micro-sensing o[10] o[11] e[I2] [I3]. Therefore,
they have been promptly adopted to study a myriad of biological processes,
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such as trapping otoliths in larval zebrafish e [14], measuring the forces exerted
by a single motor protein ee[I5], the mechanical properties of human red blood
cells oo [16] and those of individual biological molecules e[17]e[I8]e[19]; normally
inaccessible by conventional methods.

Accessing the time-dependent trajectory of a micron-sized sphere, to a high
spatial and temporal resolution, is one of the principles underpinning microrhe-
ology techniques [20, 21I]. Microrheology is a branch of rheology (the study
of flow of matter) and it is underpinned by the same principles, but it works
at micron length scales and with micro-litre sample volumes. Therefore, mi-
crorheology techniques have revealed to be very useful methods for all those
rheological studies where ‘rare’ or ‘precious’ materials are employed, e.g. in bio-
physical studies [22] 23| 24] 25] 26] 27| 28]. Moreover, microrheology measure-
ments can be performed in situ in an environment that cannot be reached by a
conventional rheology experiment, for instance inside a living cell [29] 30]. The
most popular microrheology techniques are: video particle tracking microrheol-
ogy [31], diffusing wave spectroscopy [32, 33], dynamic light scattering [34, [35],
atomic force microscopy [306, [37], magnetic tweezers [38|, [22] and optical tweez-
ers [39] [40, 411, [42], [43], [44] [45], [46], [47]. These are classified as either ‘active’ or
‘passive’ techniques, depending on whether the particle displacement is induced
by an external force field or generated by the thermal fluctuations of the fluid
molecules surrounding the probe particle, respectively. For a good overview
and understanding of the historical roots of the most common microrheology
techniques, the reader is referred to Refs. [48] [49, 21 50, B1].

A common task of microrheology studies is to correlate the time-dependent
trajectories of the tracer particles to the frequency-dependent linear viscoelastic
(LVE) properties of the suspending fluid. In the specific case of OT, methods
for performing linear microrheology measurements of complex fluids have been
presented [43] 44l [52] and validated [52, 53] 27, [54] against conventional bulk
rheology methods. However, in literature there exist some ‘peaks & troughs’
(not to mention inconsistencies) on the modus operandi of microrheology mea-

surements performed with OT that I wish to address and possibly ‘iron out’
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avoiding future potentially misleading outcomes. In particular, in the following
sections, after a brief introduction to the underlying principles of linear rheol-
ogy, I provide a critical overview of all those experimental and data analysis
aspects that, if overlooked or miscalculated, may compromise the quality of the
outputs of ‘linear’ microrheology measurements with OT. In the case of non-
linear microrheology with OT, I refer the reader to a recent review presented

by Robertson-Anderson ee[55] and those there in.

2. Theoretical background

2.1. Linear rheology

The linear viscoelastic properties of a generic material can be expressed in terms
of its shear complex modulus G*(w) = G'(w) +iG” (w), which is a complex num-
ber whose real and imaginary parts provide information on the elastic and the
viscous nature of the material under investigation [56]. These are commonly
indicated as the storage (G'(w)) and the loss (G”(w)) moduli, respectively. The
conventional method of measuring the LVE properties of a material is based on
the imposition of an oscillatory shear stress o(w,t) = o sin(wt) (where oy is the
amplitude of the stress function) and the measurement of the resulting oscilla-
tory shear strain, which would have a form like v(w,t) = vo(w) sin(wt — p(w)),
where vo(w) and ¢(w) are the frequency-dependent strain amplitude and phase
shift between the stress and the strain, respectively. The relationship between
the shear complex modulus and the two experimental functions describing the

stress and the strain is [56]:

o w) = 2 W

F(w)’

where 6(w) and 4(w) are the Fourier transforms of o(w,t) and y(w,t), respec-
tively. Notice that, equation [I] is of general validity; i.e., it applies to any

temporal forms of the stress and the strain. In the particular case of sinusoidal
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functions equation [I| returns:

* = 2% cos(o(w
G"(w) = s cos(yw) +

sin(p(w)) = &' (w) +iG" (w), (2)

g0

—H’YO(W)

which provides the expressions of the moduli as function of both the frequency-
dependent functions yg(w) and ¢(w). Notice that, G*(w) is time invariant [56].

Over the past century, the frequency behaviour of the viscoelastic moduli has
been correlated, both theoretically and experimentally [56] 57, B8 59], to the
material’s topological structure and molecular interactions at different length
scales; i.e., from the bulk sample at relatively low frequencies, down to atomic
length scales for frequencies of the order of THz. Hence, the importance of their
knowledge over the widest possible range of frequencies to gain a full picture of

the materials’ structure and dynamics.

2.2. Passive Microrheology

When a micron-sized spherical particle is suspended in a fluid at thermal equi-
librium, it experiences random forces leading to Brownian motion, driven by the
thermal fluctuations of the fluid’s molecules. Therefore, analysis of the particle’s
trajectory can reveal information on the viscoelastic properties of the suspend-
ing fluid, as demonstrated in the pioneering work of Mason and Weitz [20]
that established the field of microrheology. In particular, they showed that the
trajectory 7(t) V t of a naturally buoyant bead is directly related to the LVE
properties of the surrounding complex fluid by means of a generalised Langevin
equation: ,

mt) = Falt) = [ = )(ryir Q
where m is the mass of the particle, d@(¢) is its acceleration, ¥(t) its velocity
and fr(t) is the usual Gaussian white noise term, modelling stochastic thermal
forces acting on the particle. The integral term, which incorporates a generalised
time-dependent memory function ¢(¢), represents viscous damping by the fluid.

Using the assumption that the Laplace-transformed bulk viscosity of the fluid
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7i(s) is proportional to the microscopic memory function ¢(s) = 6masj(s), where
a is the bead radius, they provided the solution to equation in terms of the

particles’ mean squared displacement (MSD):

1 6kpT

6ma m + mw? (4)

G (W) = s1(8)| oo =
where kp is Boltzmann’s constant, T' is absolute temperature and <A7"A2(w)>
is the Fourier transform of the MSD, (Ar?(r)) = <[F(t+7') — F(t)]2>. The
average (...) is taken over all initial times ¢ and all particles, if more than one

is observed.

2.3. The link between bulk and micro-rheology

Let us retrieve a straightforward relationship between the thermally driven MSD
of a probe particle and the time-dependent shear compliance J(t) of the sus-
pending fluid. The latter (in conventional bulk-rheology) is defined as the ratio
of the time-dependent shear strain ~(¢) to the magnitude oo of the constant

shear stress that is switched on at time ¢t = 0:

J(t) = ~(t)/oo. (5)

The compliance is related to the materials’ shear relaxation modulus G(t) by
means of a convolution integral [56]:
t

G(r)J({t—7)dr =t. (6)

Moreover, given that the complex shear modulus G*(w) is also defined as the
Fourier transform of the time derivative of G(t), by taking the Fourier transform

of Eq. @ one obtaines:

G*(w) = iwi(w) = — J}(w), (7)

where G(w) and J(w) are the Fourier transforms of G(t) and J(t), respectively.
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Moreover, given that the Fourier transform is a linear operator, by equating

equations and one obtains:

=Ty e (A = BL

Ta ma

<A7“A2(w)> J(t), (8)

where it has been assumed that for micron sized particles the inertial term mw?

(otherwise present on the right side of equation ) is negligible for frequencies
much smaller than MHz and that J(0) = 0 for viscoelastic fluids. Equation
expresses the linear relationship between the MSD of suspended spherical parti-
cles and the macroscopic creep compliance of the suspending fluid [60]. There-
fore, it allows the evaluation of the fluid’s complex shear modulus (via equa-
tion ) without the need of any preconceived model once an effective analytical
method for performing the Fourier transform of a discrete set of experimental

data is adopted, like either of the two methods discussed in Ref. eo[6I].

3. Microrheology with Optical Tweezers (MOT)

3.1. OT calibration

Like any other mechanical transducer, also OT setups require to be calibrated to

define their operational range in terms of space, force and frequency (or time).

3.1.1. Spatial calibration

In the case of OT equipped with a digital camera (as schematically shown in
Figure , the spatial calibration process consists in correlating the pixel di-
mensions of an acquired image to the real dimensions of the captured features.
This process can be easily performed by means of a calibration slide on which
a metric scale bar is drawn. The average value of repeated measurements of
the distance between two bars provides an accurate estimation of the pixel /unit
conversion factor. Once the position detector is calibrated, then in order to mea-
sure a particle trajectory, an image analysis process is required. In the majority

of the cases, home made routines are developed by the OT operators using a
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variety of image analysis softwares. However, the basic principles underpinning
the majority of particle tracking procedures have been clearly explained in the
pioneering work of John C. Crocker and David G. Grier [62].

In the case of OT equipped with a quadrant photodiode (QPD) device, the
spatial calibration is not straightforward as for the previous case and it is still a
topic of study, reason for which I refer the reader to dedicated works [63], 64] e [65].
In brief, QPDs are discrete components consisting of four optically active areas
separated by a small gap (of a few 10s of um). In OT, a lens is positioned such
that the back focal plane of the condenser is imaged onto the QPD (see Figure.
Translations of the trapped particle in the laser focus causes translations of
the laser spot in the back-focal plane, detected by the QPD. Some systems
use a separate laser from that used to trap the object to monitor its position.
In general, such systems have found applications in biophysics and colloidal

science [66] [67].

3.1.2. Force calibration

One of the most important features of optical tweezers is that the confining
action of an highly focussed laser beam exerted on a spherical particle can be

modelled like a harmonic potential E(7) of force constant k:

() = 2h()eq, 9)

where (r?)., is the time-independent variance of the particle position from the
trap centre, the origin of 7, at thermodynamic equilibrium. It follows that the
restoring force exerted on the particle is simply given by the negative gradient
of E(7):

F = —VE(F) = —kF. (10)

In order to quantify the force exerted on the particle, a calibration of the
elastic constant (trap stiffness) x is thus necessary. This is simply achieved by
appealing to the Principle of Equipartition of Energy, which in simple words

states that at thermal equilibrium energy is shared equally among all of its
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Figure 1: Two typical optical tweezers configurations. (A, left) A trapping laser beam is
expanded to fill the aperture of a high numerical aperture microscope objective, coupled into
an inverted microscope using a beamsplitter or suitable dichroic mirror. A tungsten-halogen
lamp and condenser is used to illuminate the sample for viewing. The motion of trapped
particles in the sample is analysed using a video camera. (A, right) Video tracking of a
2 pm silica bead, a) unprocessed bright field image; b) thresholded image; c) image with
background subtracted. (B, left) A typical optical tweezers configuration equipped with a
quadrant photodiode. A separate tracking laser is used to illuminate the sample. (B, right)
A quadrant photodiode located in the back focal plane of the condenser lens can be used to
measure the position of a trapped particle. A lateral displacement of the particle results in a
lateral shift of the laser spot on the detector, creating a difference in the output signals from

the differential amplifiers [47].

various forms; analytically this translates as:

d 1
§kBT = §H<T?>eq, (11)
where (r?) is the Cartesian component (j = x,y,z) of the time-independent

variance of the d-dimensional vector describing the particle’s displacement from

the trap centre (¥ = 0, Figure . It is important to highlight that, for non-
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Figure 2: Optical Tweezers and particle trajectory. (Left) A schematic representation of an
optically trapped bead within an harmonic potential E(7), where x and 7 are the trap stiffness
and the bead position from the trap centre, respectively. (Middle) The y-component of the
trajectory of an optically trapped bead of 2.5 um radius suspended in water over a period of
50 ms. The inset shows the same component as before, but over the entire duration of the

experiment of 22 min. (Right) The same data as before, plotted on the z, y-plane.

symmetric traps (i.e. k # k;,Vj) equation is still valid, but only in one

dimension, with & replaced by x; evaluated for each direction:
kpT = kj(r?)eq- (12)

Despite the great variety of methods for determining the trap stiffness (e.g.,
using the power spectrum or the drag force [68] [69] 63]), equation (or
provides the only such measurement that is independent of the viscoelastic prop-
erties of the fluid under investigation and is thus essential for microrheology
studies. This is because, whatever the elasticity of the unknown fluid, its con-
tribution to the time-independent constraining force must vanish at long times,
because at rest the fluid’s elastic shear modulus goes to zero as the time goes
to infinity (or equivalently as the frequency goes to zero). Therefore, the trap
stiffness is easily determined by means of equation [11] applied to a ‘sufficiently
long’ measurement; i.e., much longer than the longest characteristic relaxation
time of the material under investigation, which for liquids is often identified by
the low-frequency crossover of the moduli.

An alternative method for measuring the force acting on the particle, without
any calibration of the spring constant of the optical trap, has been proposed by

Farré et al. [70] by measuring the power and momentum distribution of light
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that has passed through a trapped particle. However, the precise relationship
between the power of a light beam and its force has been the subject of debate

[71]; leaving equation [11] (or yet the simplest and most efficient method.

Log[J]

TD1 TDZ

d B I I o B Bk Bbi A o A

Log[time]

Figure 3: Double logarithmic schematic representation of a particle mean-square-displacement
in terms of the creep compliance (see equation suspended into both Newtonian and non-
Newtonian fluids, with and without optical trapping. The abscissa values t* and 7p identify
the longest relaxation-time of the viscoelastic fluid and the characteristic time of the compound
system, respectively; the latter depends on the trap stiffness, the particle size and the complex

fluid under investigation.

3.1.3. Temporal calibration

In general, in microrheological measurements with OT, the extremes of the
experimental frequency window [winin, Wmaz| are defined at the higher end by
the acquisition rate (AR) of the device detecting the particle position (i.e.,
Winaz = AR, With Wy,ee ~ 10° Hz or =~ 10° Hz depending on whether the setup
is equipped with a camera or a QPD, respectively). The lowest accessible fre-
quency (below which no useful rheological informations can be gained) depends
on the trap stiffness, the particle size and the complex fluid under investigation;
hence, its non-uniqueness. In particular, in the case of a static optical trap, it
has been shown [52] [47] that w,,;, can be identified in terms of a characteristic
time (t* ~ 1/wmin) at which the fluid compliance (J(¢) = t/n(t), where n(t)
is the viscosity of the fluid) equals that of the optical trap (Jor = 6ma/kK):

10
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J(t*) = Jor (as schematically shown in Figure [3)). The abscissa of the inter-
cept between J(t) and Jor identifies t*, whatever the viscoelastic nature of the
suspending fluid. In the case of a Newtonian fluid with a time-independent vis-
cosity 7, the compliance is simply proportional to the time: J(t) = t/n (which
is represented by the continuous line of colour blue in Figure [3). It follows
that the lowest accessible frequency is Wy, = 1/t* = k/(67an), also known as
the system’s “corner frequency” [68]. Whereas, in the case of a non-Newtonian
fluid, similar arguments as for the above case can be made, but the unknown
temporal form of the compliance makes impossible to determine t* a priori.
Nonetheless, a good estimation of its value is achievable graphically from the
abscissa of the intercept between J(t) and Jor (Figure[3). It is important to
highlight that, for frequency values lower than wy,;,, the compliance of the OT
overshadows the one of the (viscoelastic) fluid and no useful rheological infor-
mation can be obtained from the analysis of the data at times ¢ > ¢t*. Hence,
the need of lengthy measurements (i.e., of duration much longer than ¢*) for
an accurate calibration of the trap stiffness by means of either of the above

mentioned equations [T1] and [12]

3.2. Hybrid MOT

While the majority of microrheology techniques belong to either one of ‘passive’
or ‘active’ families, OT are the only such systems where an external force is
always active onto the probe particle, whatever the chosen modus operandi;
hence, its ‘hybrid nature’. In particular, in the case of passive MOT, where
both the trap position and stiffness are time-invariant, the particle is subject
to a weak restoring force that confines in space its thermally driven Brownian
motion. Nonetheless, the latter can still be analysed by means of the same
statistical mechanics principles adopted to investigate the trajectories of freely
diffusing particles [20], as elucidated in section On the other hand, in the
case of active MOT, experiments are designed such that a relatively strong force

is applied to induce a particle displacement of magnitude significantly bigger

11
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than the thermal fluctuations (induced by the molecules of the surrounding
media), which in this case turn to be an ‘undesired noise’ that disrupts the

quality of the measurement, as expounded in section [3.2.2]

3.2.1. Passive MOT

When the particle’s fluctuations are constrained by a stationary harmonic po-
tential generated by optical tweezers, one could write a generalised Langevin
equation similar to equation , but with an additional term accounting for the

trapping force:

nﬁ@ﬁ;ﬁﬁ%iA(@—TWﬁMT—mﬂﬂ (13)

Following the same assumptions made by Mason & Weitz for the case of
freely diffusing particles, equation can be solved for the materials’ complex
modulus in terms of either the normalised mean squared displacement (NMSD)
II(T) = (Ar?(7))/2(r*) [43] or the normalised position autocorrelation function

(NPAF) A(r) = (F(t)F(t + 7)) / (r*) [44] (as shown in Figure [4):

—1 ~
. \O6ma o _ o _ Alw)
C;(w)ﬁl_'<iwfuw) 1) "<iwA(w) 1) “hw W

where II(w) and A(w) are the Fourier transforms of II(r) and A(7), respec-

tively. The inertial term (mw?) present in the original works [43, [44] has been
here neglected, because for micron-sized particles it only becomes significant at
frequencies of the order of MHz. Moreover, for sufficiently long measurement,
it is straightforward to demonstrate that A(7) and II(7) are simply related to
each other [44]:

(r2(t+ 1))+ (r*(t)) — 2 (7(to)(7))

II(r) = 507

=1- A(r) (15)

In addition, by Fourier transforming equation one obtains the relation:
iwll(w) = 1 — iwA(w); hence the equivalences in equation .
At this point it is important to highlight that, while equation is of

general validity and it is applicable to any viscoelastic material (either liquid or

12
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Figure 4: (Top) The normalised position autocorrelation function A(7) and the normalised
mean square displacement II(7) versus lag-time 7 evaluated from the trajectory shown in
Figure The continuous line is the theoretical prediction: II(7) = 1— A(7) = (1 — e*"/t*)
(Bottom) The complex modulus wvs. frequency (both normalised by (67a)/k and t* =
(6man)/k, respectively) evaluated via equation and by means of equation applied to
either one of the data shown above, but interpolated with a natural cubic spline function and

oversampled at fs = 25M Hz.

solid) to determine its complex modulus, without the need of any preconceived
model to interpret the data, the same cannot be said for all those microrheology
studies adopting a Langevin equation with a time invariant drag coefficient (i.e.,
6man, where 1) is a constant viscosity). Therefore, in order to avoid potentially
misleading information, the latter approach should be employed if and only if

the suspending ‘fluid’ is Newtonian. Similar arguments could be made when a

13
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Lorentzian function is adopted to fit the power spectral density (S(w)) of the
particle fluctuations; a procedure that is valid only for Newtonian fluids [68].
Moreover, even when attempts are made to derive the materials’ viscoelastic
properties directly from the analysis of S(w), the use of predetermined fitting

functions or Kramers—Kronig transformations are needed ee[G1].

3.2.2. Active MOT

Active microrheology with OT is commonly performed via oscillatory measure-
ments like the conventional bulk rheology method described by equations
and [2| However, in the case of MOT of complex fluids, the expression of G*(w)
must be obtained via the solution of a generalised Langevin equation similar to

equation but with an extra term accounting for a non stationary trap:
t
ma(t) = fr(t) — / C(t = m)v(r)dr + £ (7e(t) — 7(t)) , (16)
0

where all the terms are the same as in equation [13|plus 7,.(¢) that is the position
vector describing the driven motion of the optical trap center. Equation
can be solved for G*(w) in terms of the particle position 7(¢) and the resulting
expression is [72]:
G () 72— (@f(w» —1+ m“2> o Fe@) 4 (17)
K (F(w)) K {r)(w)

where 7.(w) and #(w) are the Fourier transforms of 7.(¢) and 7(¢), respectively.

The brackets (...) denote the average over several independent measurements.
For the last equality it has been considered that: (i) (7.(w)) = 7.(w), being
the latter the driving component, thus reproducible over several independent
measurements, (ii) (#(w)) = </r\>(w) because of linearity of the involved operators,
(iii) the particle inertia is negligible. Notice that, equation is of general
validity, whatever is the temporal form of 7.(t).

In the simplest case, when the optical trap is periodically oscillating with a
driving frequency B, ie. 7.(t) = ||rc|]|sin(B8t), the particle displacement will

assume a temporal form like 7(t) = ||r||sin(B8t — ¢(8)); where ||r.|| and ||r| are

14
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the amplitudes of the sinusoidal functions 7,(¢) and 7(¢), respectively. Therefore,

equation [17| simplifies [72]:

eigy 0 _ el ipiprs _
e Y (18)

from which the viscoelastic moduli assume the following expressions:

6'(9) 7 = el costo3) 1 (19)
()% = Wel (e, (20)

ko )

The above equations are similar to those obtained by others [45], but in Ref. [72]
they have been derived rigorously. Moreover, it is important to highlight that,
in order to obtain an accurate estimation of the moduli (i.e., of both the phase
shift ¢(B8) and the amplitude || (r)||), for each explored frequency B, several
cycles must be repeated to average out the thermal fluctuations that disrupt the
particle trajectory. Therefore, in order to measure G*(w) over a wide frequency
spectrum (e.g., from 0.01 Hz to kHz) a total measurement duration T, of the
order of hours would be required.

An alternative and less time-consuming method than the oscillatory mea-
surements has been presented by Preece et al. [44] They introduced a self-
consistent procedure for measuring the LVE properties of materials across the
widest frequency range achievable with optical tweezers, by combining both pas-
sive and active OT operating modes. In particular, their procedure consists of
two steps: (I) measuring the thermal fluctuations of a trapped bead for a suffi-
ciently long time; (IT) measuring the transient displacement of a bead flipping
between two optical traps (spaced at fixed distance Dy < 0.8a, to ensure the
linearity of the optical trap [73]) that alternately switch on/off at a sufficiently
low frequency (to allow a complete migration of the particle, as shown in Fig-
ure [5). The analysis of the first step (I) provides: (a) the traps stiffness (k;,
1 = 1,2; by means of equation — note that this has the added advantage
of making the method self-calibrated — and (b) the high frequency viscoelastic
properties of the material, to a high accuracy (by means of equation . The

15



P —

r

2‘0 2‘2 2‘4 2‘6 2‘8 750 760 800
Time [sec]

0.8

0.6

0.4

1N
N\

DD,

0.0
T
! Time [sec] 10
10" g7
10°
1074 P - =
= EAE Stationary traps:
.7 '
£ 107 2 = g 3
O 10° z
/7
10+ 7/ |Flipping traps:‘ ]
7/ s G
10° { S
T f f
10" 10° 10' 10° 10°

o [rad/s]

Figure 5: (Top) The trajectory of a 5um diameter bead flipping between two optical traps at
r~ —0.8 um and r ~ 0.8 pm repeatedly switching after a duration P = 20 s. The bead is
suspended in (squares) water (with k1 = 2.7 and k2 = 2.5 uN/m) and (circles) a water-based
solution of PAM at concentrations of 1 % w/w (with k1 = 2.1 and k2 = 2.2 uN/m). (Middle)
The normalised mean position of all step-down data shown above; i.e., when simultaneously
trap 2 (top) switches off and trap 1 (bottom) switches on. (Bottom) The complex moduli
vs. frequency evaluated by combining the results obtained from a stationary trap (by means
of equation and two flipping traps (via equation applied to the measurements shown
above). Notice that, the presence of an overlapping region of the moduli makes the overall

procedure self-consistent. Images reproduced with permission from Ref. [44].
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second step (II) has the potential to provide information about the material’s
viscoelastic properties over a very wide frequency range, which is only limited
(at the top end) by the acquisition rate of the bead position and (at the bot-
tom end) by the duration (P) of the on/off state of the two traps. The latter
procedure consists of analysing the bead’s transient displacements as it moves
between two traps with separation Dy that swap their on/off state at times
t =tg +nP. Preece et al. defined the normalised mean position of the particle
as D(t) = [{(7(t))| /Do, where the brackets (...) denote the average over several
independent measurements, but not over absolute time, since time-translation
invariance is broken by the periodic switching. In the simple case of two identi-
cal optical traps (k1 = ko) and particle inertia negligible, the expression of the

fluid’s complex modulus is:

G0 = WD) (21)

k (1 - zwﬁ(w))
where D(w) is the Fourier transform of D(t), with 7(t) being the particle position
from the active trap (i.e., 7(to + nP) = Dy). The full viscoelastic spectrum of

the fluid is resolved by combining the results obtained from steps (I) and (II).

3.2.3. Fourier transform of a discrete set of data

In principle, equations , , and are simple expressions relating the
material’s complex shear modulus G*(w) to the observed time-dependent bead
trajectory 7(t) via the Fourier transform of one of the related time-averaged
quantities. In practice, it has been shown [52] ee[G1] that the evaluation of the
Fourier transform of a sampled function, given only a finite set of data points
over a finite time domain, is non-trivial [20] [74] [75] since interpolation and
extrapolation from those data can yield artefacts that lie within the bandwidth
of interest.

An analytical procedure for the evaluation of the Fourier transform of any
generic function sampled over a finite time window was proposed by Evans et

al. [T6), [77], to convert J(t) into G*(w) directly (i.e., via equations (7)), without
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the use of Laplace transforms or fitting functions. This method is based on
the interpolation of the finite data set by means of a piecewise-linear function.
In particular, the general validity of the proposed procedure makes it equally
applicable to find the Fourier transform §(w) of any time-dependent function
g(t) that vanishes for negative ¢, sampled at a finite set of data points (¢x, gx),

where k£ = 1... N, which extend over a finite range, and need not be equally

spaced [76]:
- —g(0
—w?§ (w) = iwg(0) + (1 — e~ ™M) 91=9(0) tlg( ) +
—’Lth 9k — gk—1 —iwtp_1 _ —iwty 29
+Z(tk_tk1)<e e) (22)

where ¢, is the gradient of g(t) extrapolated to infinite time and ¢(0) is the
value of ¢(t) extrapolated to ¢t = 0 from above.

The above method was improved by Tassieri et al. [52] while analysing mi-
crorheology measurements performed with optical tweezers and its effectiveness
has been corroborated by direct comparison with conventional bulk-rheology
measurements of a variety of complex fluids [78,[79]. The authors [52] found that
a substantial reduction in the size of the high-frequency artefacts, from which
some high-frequency noise tends to spill over into the top of the experimental fre-
quency range, can be achieved by an over-sampling technique. The technique
involves first numerically interpolating between data points using a standard
non-overshooting cubic spline, and then generating a new, over-sampled data
set, by sampling the interpolating function not only at the exact data points
but also at a number of equally-spaced points in between. Notice that, over-
sampling is a common procedure in signal processing and it consists of sampling
a signal with a sampling frequency fs much higher than the Nyquist rate 2B,
where B is the highest frequency contained in the original signal. A signal is

said to be oversampled by a factor of 8 = fs/(2B) [80].
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Figure 6: (A) Comparison between the complex moduli vs. frequency evaluated by means of
both OT [52] and passive video particle tracking (PVPT) [84] of a solution of F-actin at a
concentration of 0.1 mg/ml. (B) Comparison between the hydroxyethyl cellulose (HEC) solu-
tions’ linear viscoelastic moduli vs. frequency measured by means of conventional rotational
rheometry (BR), optical tweezers (OT), diffusive wave spectroscopy (DWS), dynamic light
scattering (DLS) and multiple particle tracking (MPT), for an HEC solution having concen-
tration of 0.4 wt% (image reproduced with permission from Ref. [34]); where p = 1.76 [58],[85].
(C) Comparison between the reduced viscosity (n,eq) vs. concentration measured by means
of both OT and conventional rotational rheometry of water-based solutions of two polyacry-
lamides (PAM) having molecular weights of 1.5 kDa (top) and 1.145 MDa (bottom). Lines
are the best linear fits of OT data. The linear extrapolation of 7.4 to zero concentration
provides a reading of the PAMSs’ intrinsic viscosities (image reproduced with permission from
Ref. [27]). (D) Comparison between the complex viscosity (n*(w) = G*(w)/iw) evaluated
at w = 1 vs. concentration measured by means of conventional rotational rheometry, opti-
cal tweezers (OT), magnetic tweezers (MT), and passive video particle tracking (PVPT) of
water-based solutions of PAM having molecular weight of 18 MDa [84]. In (A), (B) and (D)

lines are guides for the gradients.
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4. Bulk vs. Micro

One of the most popular dilemmas when performing microrheology measure-
ments is whether their results provide a reliable representation of the materi-
als’ bulk rheology properties; given the significant difference in length scales
at which measurements are performed (i.e., pm wvs. cm, respectively). This
indeed is a critical question that underpins the reliability of linear microrhe-
ology outcomes depending on whether or not the following two conditions are
fulfilled (when of course non-linear [8I] and inertia [82] effects or material’s re-
lated issues such as aging, evaporation, and mutational effects [83] have been
already pondered): (i) the material under investigation must appear homoge-
neous and/or isotropic at length scales much smaller than the characteristic
dimension of the probe particle (e.g., in the case of solutions of semi-flexible
polymers, the bead diameter must be bigger than the average mash size of the
polymer network [22] 23] 24] 28]); (ii) microrheology measurements must be
statistically valid, which experimentally translates either in measurements with
a sufficiently long time of duration (7,) (e.g., in the case of OT, T,, > t* for a
proper calibration of the trap stiffness) or a big number of tracer particles ho-
mogeneously distributed within the sample. The satisfaction of both the above
mentioned conditions would grant a good agreement between conventional bulk
rheology and microrheology measurements as corroborated by the results repro-
duced in Fig. [f] where rheological parameters obtained from different microrhe-
ology techniques, such as optical tweezers, diffusive wave spectroscopy, dynamic
light scattering, magnetic tweezers, multiple particle tracking and bulk rheology

measurements are compared for five different materials.

5. MOT of living organisms

When microrheology measurements are attempted in living organisms (e.g., cells
or parasites), attention must be paid to the characteristic time-scales involved

in the experiments. This is because the mechanical properties of the organisms
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may not be considered time-invariant for all the explored times. In particu-
lar, it has been shown [30, [86, [87] that the presence of “athermal” fluctuations
within a living cell, due to the existence of active processes (e.g., actin-myosin
interactions [88]) that dissipate energy not just by simple friction, drives the
system out of thermodynamic equilibrium. Therefore, their existence should
not be neglected as they may alter significantly the viscoelastic response of the
system (mostly at low frequencies), with the risk of gathering deceptive infor-
mation. The evaluation of the error carried by such negligence is not trivial as
different organisms may dissipate energy in different ways and time-scales. More-
over, athermal processes are expected [30, 86, 87, B8] to occur within a range
of frequency spanning from 10~2 Hz to 10? Hz, with rate values that may vary
even within the same population of organisms. From a microrheology point of
view, one could consider the fastest rate (I'ory) of all the athermal biological
process occurring within an organism as the lowest frequency limit for the ap-
plicability of the fluctuation—dissipation theorem [89], which underpins the field
of microrheology by linking the particle motion to the viscoelastic nature of the
suspending medium [20].

It follows that, microrheology of living organisms could still be performed if
the right assumptions on the time-scales involved during the measurement are
made; i.e., on the Deborah number [90]. This is defined as the ratio between
the characteristic relaxation time of the system under study and the time spent
to observe it:

time of relaxation

= . 23
c time of observation (23)

Therefore, for each living organism, one could assume the existence of a char-

-1
org

acteristic time (7,4 = I';,)) such that, for measurements having duration T,
shorter than 7,4 (i.e., De 2 1) the living system can be seen as a complex mate-
rial (either fluid or solid) with time-invariant viscoelastic properties. Whereas,
for observations lasting longer than 7,4 (i.e., De < 1), the living organism has
time to self-reorganise and to move out of thermodynamic equilibrium.

In the case of MOT, it has been shown that for an accurate evaluation of
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the relevant time-averaged functions (e.g., (r?), II(7), A(7), D(t) or the MSD)
sufficiently long measurements are required (i.e., of the order of tens of minutes).
Therefore, this would very likely result in De < 1 for a great majority of living
organisms, with the lost of the pseudo-equilibrium assumption due to the start
of athermal processes within the system. Thus, the potential inappropriateness

of OT for measuring the linear viscoelastic properties of living systems [72].

6. Conclusions

Optical tweezers have been used in a variety of scientific contexts, across the
physical and life sciences. Fields as diverse as statistical mechanics and molec-
ular biology have benefit from the precise transduction of very small forces
and displacements; establishing optical tweezers as an ideal tool for such pur-
poses. The continuous development of optical trapping technologies has allowed
the study of fundamental physics’ principles and addressed both biological and
chemical problems. As in microrheology, optical tweezers are maturing as a re-
liable technology and there is plenty of new opportunities for using these tools
to gain a better understanding of yet unexplored processes occurring at micro-

scopic length-scales.
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