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An optical-tweezers-based dual-frequency-band particle tracking system was designed and fabricated for liquid vis-
cosity detection. On the basis of the liquid viscosity dependent model of the particle’s restricted Brownian motion with the
Faxén correction taken into account, the liquid viscosity and optical trap stiffness were determined by fitting the theoretical
prediction with the measured power spectral densities of the particle’s displacement and velocity that were derived from the
dual-frequency-band particle tracking data. When the SiO; beads were employed as probe particles in the measurements of
different kinds of liquids, the measurement results exhibit a good agreement with the reported results, as well as a detection
uncertainty better than 4.6%. This kind of noninvasive economical technique can be applied in diverse environments for

both in situ and ex situ viscosity detection of liquids.
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1. Introduction

Motion behaviors of cells in vivo or in culture envi-
ronment and those of particles including organelles within
a living cell are strongly correlated with variation of cellu-
lar activity and inner environment of human body, so that
they can be served as marks for disease diagnosis and patho-
logic study.!'=3! In practice, it has been recognized that liquid
viscosity is the key thermophysical property responsible for
change of the particle’s motion state, especially in soft matter
systems. [4-6]

Characterization of liquid viscosity has been demon-
strated by the capillary method, 8! rotation method,!%! and

[11,12]

vibration method in an ex situ mode, while the fast track-

ing measurement cannot be achieved. In recent years, op-
tical detection methods have attracted a great deal of atten-
tion from many researchers since they provide higher detec-
tion precision in in situ modes.!'3~2?! Parker et al. presented a
fluorescence microscope based viscosity detection method, in
which the rotational correlation time strongly correlated with
the viscosity was determined by time-dependent fluorescence
anisotropy measurements combined with global deconvolu-
tion techniques.!'3! However, fluorescence detect-ion depends
on exogenous probes and may be disturbed by the autofluo-
rescence and other optical noise background. Photoacoustic
effect was intensively employed in gas detection via photoa-
coustic spectroscopy and biological imaging via photoacoustic
tomography. %13 Furthermore, photoacoustic effect has also
been utilized in research of liquid viscosity based on the re-
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lationship between photoacoustic frequency spectra and lig-
uid viscosity.!'®!7] In comparison with the complex physical
process during photoacoustic effect based viscosity detection,
optical tweezers, which is a popular tool in microbiological
research, has shown the advantages of extreme high detec-
tion precision stemmed from the sub-nanometer level parti-
cle tracking precision, high signal-to-noise ratio (SNR) rely-
ing on the techniques such as high frequency phase sensitive
detection, and noninvasive owing to low intensity of trapping
light.['8-211 Nemet er al. devised a method to measure mi-
croscopic viscosity by constructing a physical model of parti-
cles in a viscous Newtonian fluid experiencing Brownian mo-
tion within an oscillating harmonic potential provided by laser
tweezers undergoing periodic movement.!??! Korzeniewska et
al. introduced a method for determining liquid viscosity em-
ploying a viscometer and rapid oscillations within an optical
tweezers system that was capable of accommodating viscosi-
ties up to 2.5 mPa-s.[?3l Additionally, Keen et al. measured
the residual motion of particles trapped in holographic opti-
cal tweezers using a high-speed camera, and realized that fluid
viscosity at multiple points can be determined. [>*]

The studies on viscosity measurements using optical
tweezers in the past were mainly dependent on an artifi-
cial fluid flow made by piezoelectric actuator, acoustic wave
field, or a combination of movable trap and particle tacking
system.[?>24] The advantage of this method is that a visible
peak signal at the modulation frequency can be directly ob-
served on the spectrum. However, the detection accuracy is
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limited due to the fact that the displacement of the particle did
not precisely follow a periodic motion. Additionally, when
applied within cells, this active control method may introduce
cross coupling between the motion of the cytoplasmic fluid
and the stage motion, leading to additional noise in the power
spectrum across a wide range of frequencies.>! Furthermore,
the complex nature of these devices renders them unsuitable
for in situ measurements in biological systems such as cells,
where actively controlled motion often deviates from expected

[26] To deal with this issue, Tassieri ef al. investi-

behavior.
gated viscoelasticities in biological studies using an optically
trapped local probe in static liquid environment.?%>’1 Madsen
et al. demonstrated ultrafast viscosity measurement by track-
ing the instantaneous velocity of a trapped particle. Structured
light was utilized as the probe in the position detection system
for enhancing the saturated light power delivered to the pho-
todetector. As a product, probe laser with 170 mW was used
in the study permitting ballistic movement detection using a
0.59 pwm-radius silica microsphere. Precise tracking over fem-
tometer length scales and 16-ns timescales was achieved.[?®!
In this paper, we present a simpler detection method of
liquid viscosity based on the dual-frequency-band tracking of
the restricted Brownian motion of microparticle in static lig-
uid environment, as well as the nonlinear least square fitting
approach. Viscosities of several kinds of liquids, which were
commonly used in biological investigations, were determined.

2. Device and principle for the viscosity detec-
tion

Figure 1 shows a schematic diagram of the optical tweez-
ers based liquid viscosity detection system. The trapping light
was provided by a home-made continuous-wave single fre-
quency 671 nm laser with diffraction limit beam quality and
a maximum power of 0.8 W, whilst the intensity and phase
noises of the laser reached shot noise limit beyond the anal-
ysis frequency of 2.0 MHz, the power fluctuation was less
than £0.55% for given four hours, and the typical instan-
taneous beam pointing drift during one hour was less than
+5 mrad.[2930] Besides these aforementioned advantages, the
lowest absorption of 671 nm laser in oxy-hemoglobin or
deoxy-hemoglobin rendered it to be the optimum choice for
in situ viscosity detection of blood.

The 671 nm laser with a power of 50 mW was directed
through a beam shaper consisting of two lenses (L1 and L2),
and focused onto the sample stage via an oil immersion objec-
tive (O1, NA =1.3, UPLFLN100X02, Olympus). Then an op-
tical trap was built within the center of the sample stage, which
was fixed in a motorized piezo-stage (P-E545, Physik Instru-
mente) enabling three-dimensional movement with a precision
of ~ 1 nm and a travel range of 200 pm in each dimension.
The particle was trapped and imaged by fine tuning the loca-
tion of the sample stage with the help of a Kohler illuminating

system and a CCD camera (EXI-BLU-R-F-M-14-C, QImag-
ing). The forward scattering laser containing the motion in-
formation of the trapped particle and the transmitted trapping
laser were interfered on the back focal plane of the objective
(02, NA=0.3, UPLFLN10X2, Olympus). The interference
light was split and steered to a position detection device (PDD)
for precise measurement of the particle’s motion behaviors
along x direction. The PDD consisted of a D-shaped mirror
and a fiber-coupled balanced photodetector (BD, PDB425A,
Thorlabs) with a detection bandwidth of 75 MHz, and a signal
gain of 2.5 x 10° V/A. The orientation of the D-shaped mirror
in PDD was adjusted to split the input laser to be two parts with
identical powers when an empty sample stage was employed.
Once the trapped particle experienced a spatial movement, the
differential signal with a wider frequency range detected by
BD would give the position of the particle on one dimension.
For the sake of stable environment, i.e., preventing environ-
mental liquid heating or photodamage of micro-particles, the
temperature of the sample cell was controlled using a temper-
ature feedback control unit. Note that, when the aforemen-
tioned device is employed for liquid viscosity determination
inside a living cell, the trapping laser power should be even
lower, otherwise a periodical shutter should be utilized for pre-
venting prolonged exposure on cells.
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Fig. 1. Layout of the liquid viscosity detection system based on optical
tweezers.

[31-33] the motion behavior of

According to the literature,
a spherical micro-particle, including its mean square displace-
ment (MSD) and power spectral density (PSD) of displace-
ment, is strongly dependent on the observation time interval ¢
and can be derived via the Langevin equation.

According to Faxén’s theory, in the case that a particle
is caught by optical tweezers near the coverslip, the friction
coefficient J = 67N R is dependent on the distance / between
particle and wall, and should be corrected as [34]
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In the experiment, the values of R and / are below 3 um and
85 um, respectively, leading to a maximum R/! ratio of 0.0353.
It means that when the equation is simplified such that the high
order terms are neglected, i.e., the third term and the subse-
quent terms in the denominator, the ratio between Eq. (1) and
the simplified one is 0.999994672234617.

Based on this simplification, the generalized Langevin
equation of particle’s displacement (x) considering the Faxén
correction in the frequency domain can be expressed as

mo’3(0) + 1072 (0)i(0) — ki(o)

‘axen

= 2ksTRe(Hen (@))]'2C (), 2)

Faxen

where m is the mass of a spherical particle with radius R; 0
and pr are the shear viscosity and density of the solvent, re-
spectively; k is the stiffness of optical tweezers; kg is Boltz-
mann’s constant; T is the temperature of particle and the local
surrounding solvent; {(®) represents the stochastic compo-
nent of the thermal force in the frequency domain. The Stokes
friction coefficient considering the hydrodynamic memory
effects>>36! and Faxén correction can be expressed as

foen (0) = [0(1+V/—i0%) —i0(2/3)7Rpd(0), ()

where the characteristic time 7y and correction factor 6 (®) are
respectively expressed as

% =R’p¢/7, 4)
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Using Eqgs. (2)—(5), the PSD of velocity can be derived as
2k TRe[%20 (o))

Faxen

IRe[129° (@)]+i {Im[120 ()] + £ — 4 2R3 py0} [*

where pj, is the density of the particle.

At low frequencies, the influence of hydrodynamic mem-
ory effects can be neglected, and the low frequency PSD of
displacement with Faxén correction can be written as

ZkBT’yFaxen
(wz’y}?zaxen + k2) .
When the density and radius of the particle are known, the lig-

(7

Sx,simp ((0) =

uid viscosity can be derived by fitting the low frequency PSD
of displacement and the high frequency PSD of velocity mea-
sured by PDD with Egs. (6) and (7) through nonlinear least
square fitting procedure. Considering that the uncertainty in
the radius of the SiO, beads from the customized product was
+0.33% (see the supplementary material), the size of the SiO,
beads was assumed to be a constant matching the manufac-
turer’s specifications. Actually, the maximum fitting error in-
duced by the possible deviation of the bead size was less than

0.6%, which was indeed much smaller when the measurement
was repeated using multiple trapped beads. Besides bead size,
photodetector bandwidth was another factor affecting the de-
tection precision. Generally, the detection frequency for mea-
suring the power spectrum of the particle’s velocity should
be greater than the characteristic frequency of fluid memory
effect,[28!]
72R'psm

= ; (3)
. (57R3py + SR pr)?

which was approximately 0.22 MHz corresponding to a
1.50 pm-radius SiO; particle in water at a temperature of
25 °C. Consequently, the detector’s maximum detection band-
width of 75 MHz, which is well beyond the characteristic fre-
quency, ensures complete detection of the particle’s motion ex-
periencing the fluid memory effect. Under this premise, there
were no free parameters other than the k£ and 71 in Egs. (6) and
(7). Hence there was only one optimum combination of k and
N corresponding to a set of the PSD of displacement in low
frequency range and the PSD of velocity in high frequency
range.

3. Experimental results and discussion

The viscosity of deionized water was firstly determined
using SiO, beads (provided by Tianjin BaseLine ChromTech
Research Centre) with different sizes acting as Brownian parti-
cles. Figures 2(a) and 2(b) show the measured and fitted PSDs
(PSDs of displacement in low frequency and PSD of velocity)
of a SiO; bead with radius of 1.50 um and density of 2.2 g/cm?
trapped in water at temperature 26 °C. Curves marked with i in
Figs. 2(a) and 2(b) indicate the average data of 20 sets of mea-
sured PSDs in series of 20 acquisitions. Curves with ii indicate
the averaged PSDs when the sample stage was only filled with
water. Curves with iii represent the difference of the two sets
of data. Curves with iv are the simulation results screened out
after nonlinear least square fitting procedure. Totally, 20 sets
of high-frequency data were obtained within 200 ms, while the
low-frequency measurements in 20 times took 40 s. Therefore,
the total measurement time was 40.2 s.

The values of the fitting parameters indicate that the stiff-
ness of optical tweezers and the shear viscosity of water were
4.90 pm/N and 0.873 mPa-s, respectively. When the SiO;
bead with radius of 2.93 um was used, as shown in Figs. 2(c)
and 2(d), the values of the fitting parameters came to be
k=5.15 uym/N and n = 0.872 mPa-s.
measurements, the viscosity results obtained using SiO, beads
with radii of 1.50 um and 2.93 pum were 0.873 £ 0.003 mPa-s
and 0.872 £ 0.004 mPa-s, respectively. It can be seen that,
when the size of the probe bead is in um level, the fitted re-

After 10 repetitive

sults are nearly identical with a possible error below 0.9%.
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Fig. 2. PSDs of the SiO, bead with the radius of 1.50 um [(a), (b)] and 2.93 um [(c), (d)] along x direction; [(a), (c)] PSD of
displacement in low frequency range; [(b), (b)] PSD of velocity in high frequency range.
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Fig. 3. Measured shear viscosity of water versus temperature.

Using the same method, the temperature-dependent be-
havior of water viscosity was measured, as shown in Fig. 3.
The data points indicate the averaged values during 10 times
measurements and fittings, the error bars indicate the corre-
sponding standard deviation. It can be seen that the water be-
comes stickier approximately linearly with decreasing temper-
ature. The functional relationship between the viscosity (Nwater
in units of mPa-s) and temperature (7 in units of °C) can be fit-
ted as Nyater = —0.01857 4 1.357, which agrees well with the
results presented in Ref. [37].

Apart from water, there were several kinds of important
liquids in biological research, namely the yeast extract pep-
tone dextrose adenine (YPD) culture for the cells such as Sac-
charomyces cerevisiae strain AH109 cells,*®! neat Dimethyl
sulfoxide (DMSO) that is the most common organic solvent,

bovine serum albumin (BSA) aqueous solution (12.5 mg/ml)
that is the main component of bovine blood, and acetone. Us-
ing the 1.50 um-radius SiO, bead as a probe, the viscosities of
these various liquids with temperature controlled at 25 °C were
measured. Figures 4(a) and 4(b) show the measured and fitted
power spectral densities (the PSD of displacement in the low
frequency region and the PSD of velocity in the high frequency
region, respectively) of different liquids. The data points in-
dicate the PSDs derived from the experimental data, and the
solid curves indicate the fitted results screened out through
nonlinear least square fitting procedure. Note that the mea-
sured displacement PSDs in low frequency region were pro-
cessed by data blocking,**! each block contained 250 data
points, leading to normal distributions of the values of the
processed PSDs that meet the requirements for least squares
fitting.

The viscosity values of various liquids fitted from the ex-
perimental data and literature sources were summarized in
Table 1.
higher viscosity exhibits a lower value around the low fre-

Generally, the velocity PSD curve of liquid with

quency region below 10* rad/s, as well as a higher corner
frequency. Consequently, the PSD curve can also be em-
ployed for qualitative comparison of the liquids’ viscosity
without the help of fitting procedure. The measured viscosities
of water, acetone and DMSO, namely 0.890 4= 0.005 mPa-s,
0.330£0.012 mPa-s and 2.00 £ 0.07 mPa-s, almost coincide

37.39401 verifying the validity of the

with the data in literature, |
method again. Moreover, the viscosities of YPD culture and

low concentration BSA solution were experimentally deter-
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mined to be 1.10+£0.05 mPa-s and 1.00 £ 0.02 mPa-s, respec-
tively. Moreover, one can found that the viscosity detection
uncertainty is better than 5% of the averaged result, indicating
a good reliability of the detection method.
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Fig. 4. Measured and fitted PSDs of different liquids: (a) PSDs of dis-
placement in low frequency range, (b) PSDs of velocity in high fre-
quency range.

Table 1. Viscosities of different liquids from experiments and literature
(25°C).

Liquid Experimental values Literature values
names (mPa-s) (mPa-s)
Water 0.89040.005 0.89030371
Acetone 0.33040.012 0.320391
DMSO 2.004+0.07 19961401
YPD 1.10£0.05 none
BSA(12.5 mg/ml) 1.00+£0.02 none

The method of dual frequency band particle tracking was
employed for two reasons: Firstly, we utilized an ATS9352
card with a sampling rate of 500 MS/s to meet the acquire-
ment of high detection resolution in velocity measurements.
If the full bandwidth particle displacement data were recorded
under such sampling rate, the number of data points would
be 500 million, significantly exacerbating the challenges of
data storage and processing. In our experiment, we recorded
two separate frequency bands:
recorded at 100 MS/s and another 1-million data points were
recorded at 500 KS/s. Independent motion detections in the

I-million data points were

high-frequency and low-frequency bands enable fast precise
fitting since the number of data points in both bands is small
but enough. Secondly, combining the low-frequency displace-
ment power spectral density with the high-frequency velocity

power spectral density can improve the accuracy of liquid vis-
cosity measurements. From the experimental results shown in
Figs. 2 and 4, PSDs of displacement in low frequency range
exhibit a clear evidence of corner frequency but the amount of
data corresponding to the flat region, e.g., the DMSO, was too
small. Conversely, PSDs of velocity in high frequency range
provided stronger data in the flat region, but the determination
of corner frequency was affected by the noise of the detection
system.

There are mainly three factors affecting the accuracy of
theoretical fitting. Firstly, the friction coefficient considering
Faxén correction in the theoretical model was simplified by
neglecting the higher-order terms in the denominator. Sec-
ondly, for the low-frequency PSD of displacement, the influ-
ence of hydrodynamic memory effects was neglected. Thirdly,
the friction term caused by the hydrodynamic memory effects
was derived based on the force analysis of particles in the opti-
cal trap, which may deviate from reality to some extent. These
factors affect the theoretical accuracy but their influences were
negligible generally.

Since the size of the SiO; beads can be precisely deter-
mined with the help of the supplier, the residual errors are at-
tributed to two main sources in roughly equal measure: (1)
Most of the samples used in the experiments contained small
particulates due to sample preparation. These particulates
were far-sub-wavelength in size and were attracted by the op-
tical trap. This interfered with the measurement of the probe,
causing the observed viscosity variations. (2) Due to the fact
that the bandwidth and gain of the detector cannot be high
enough simultaneously, there may be deviations in the high
frequency range in the PSDs, especially in the range beyond
10 rad/s, leading to a fitting error.

It is worth noting that in the aforementioned liquid vis-
cosity measurements, objective lens with low NA was utilized
as collector to ensure sufficient spacing inside the sample cell
and permit temperature control. However, in the cases that the
viscosity of the liquid to be detected is significantly small, or
the trapping laser power is low, resulting in poor trap stiffness,
incomplete particle motion information may lead to inaccura-
cies in viscosity measurements. In such instances, objective
lenses with high NA should be employed to enhance detection
precision.

4. Conclusions

In summary, a liquid viscosity detection method relying
on tracking of probe particle in static environment has been
proposed and experimentally demonstrated. The Brownian
motion of the particle was monitored within dual-frequency
band using a homemade low noise optical tweezers, the model
of the PSDs of the particle’s displacement and velocity de-
pending on the liquid viscosity and optical trap stiffness was
given and used to derive the viscosity from the motion data.
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When the SiO, beads with different sizes were employed as
probe particles, the measured viscosities of water showed a
deviation below 0.9%. The temperature-dependent behavior
of the viscosities of water agreed well with that presented in
literature. Viscosities of five kinds of liquids commonly used
in biological research were also determined and the viscos-
ity detection uncertainty over 10 times of measurements was
better than 4.6%, the measured viscosities of water, acetone
and DMSO almost coincide with the data in literature, and
those of the YPD culture and low concentration BSA solution
were experimentally determined. This kind of liquid viscos-
ity detection method exhibits the advantages of noninvasive,
high precision, good uncertainty, and independence of expen-
sive devices, e.g., high precision piezo systems and high-speed
cameras. Consequently, this method can be utilized for in situ
viscosity detection of intracellular fluids in nucleus or blood
in superficial skin vessels, using cell nuclei as probes, when
extracting motion information via back scattered light.

As discussed by Puchkov, *! intracellular viscosity deter-
mination enhances understanding of biological organization,
diversity, developmental cycles, and cellular adaptation, pro-
viding insights crucial for drug delivery and intracellular dy-
namics. Following the pioneer works demonstrated by Watson

[42,43]

etal. and Mas et al., our method can be expected to serve

as another available approach to obtain liquid viscosity within
cells with a relatively high accuracy.
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