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Drop-of-sample rheometry of biological fluids by
noncontact acoustic tweezing spectroscopy†

Nithya Kasireddy, * Jeremy C. Orie and Damir B. Khismatullin *

Knowledge of rheological properties, such as viscosity and elasticity, is necessary for efficient material

processing and transportation as well as biological analysis. Existing rheometers operate with large sample

volume and induce sample contact with container or device walls, which are inadequate for rheological

analysis of sensitive fluids limited in availability. In this work, we introduce acoustic tweezing spectroscopy

(ATS), a novel noncontact rheological technique that operates with a single 4–6 μl drop of fluid sample. In

ATS, a sample drop is acoustically levitated and then exposed to a modulated acoustic signal to induce its

forced oscillation. The time-dependent sample viscosity and elasticity are measured from the resulting

drop response. The ATS measurements of polymeric solutions (dextran, xanthan gum, gelatin) agree well

with previously reported data. The ATS predicts that the shear viscosity of blood plasma increases from 1.5 cP

at 1.5 min of coagulation onset to 3.35 cP at 9 min, while its shear elastic modulus grows from a negligible

value to 10.7 Pa between 3.5 min and 6.5 min. Coagulation increases whole blood viscosity from 5.4 cP to

20.7 cP and elasticity from 0.1 Pa to 19.2 Pa at 15 min. In summary, ATS provides the opportunity for

sensitive small-volume rheological analysis in biomedical research and medical, pharmaceutical, and

chemical industries.

Introduction

The ability of complex fluids to flow and deform under
applied stresses depends on rheological properties such as
viscosity and elasticity. Knowledge of these properties is
necessary for processing of polymeric and biological
materials,1–10 oil and gas production and transportation,11,12

and diagnosis and treatment monitoring based on biological
fluid analysis,1,13–16 to name a few. The majority of existing
rheometers operate with a relatively large sample volume
(>0.5 ml) and induce sample contact with device walls.17–21

The reduction in sample volume and avoiding the wall-slip
artifacts and contact-induced sample contamination22,23 are
needed for safe and reliable analysis of biological fluids.

The sample volume issue has been addressed in several
alternate techniques,24–26 including the electrodynamic
acoustic shear wave method,27 liquid-filament micro-
rheometry,28 optical based laser speckle rheology29–31 and
microfluidics.32–34 They have been successfully applied for
rheological measurements of hydrogels, synovial fluid, saliva,
bronchial sputum, and blood. However, these techniques are

limited in viscosity values they can measure and shear rates
they can operate, but most importantly they further
exacerbate the issue of sample wall contact due to, for
example, an increase in the surface area to volume ratio.

The containerless measurement requires levitation of a
liquid sample. In acoustic tweezing technology,35 rheological
properties are assessed from a single liquid drop with a volume
as small as 4 μl acoustically levitated in air. This technology
addresses both the sample volume and sample-wall contact
issues in rheological analysis. It infers the sample properties
by quasi-static and oscillatory techniques. The quasi-static
method, in which sample deformation is induced by slowly
varying acoustic pressure, is highly sensitive to sample
elasticity changes and has been shown to be effective for
sample firmness measurement during coagulation or
polymerization.35,36 In the oscillatory method, the sample
deformation (shape oscillation) is achieved by amplitude
modulation of the input pressure. The sample rheological
properties are then measured from either the free decay
response37,38 or the forced response. The latter approach
known as “Acoustic Tweezing Spectroscopy” (ATS) is
the focus of this study. The free decay approach,
referred to as “Drop Oscillation Rheometry” (DOR)37

is usable for damping ratio lower than 0.1, limiting
its application to small changes in viscosity and elasticity.
Operating the acoustic tweezing device in the forced
oscillation regime addresses this issue.
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This work introduces the ATS as a single-drop non-contact
technique for time-dependent viscoelastic measurements of
polymer solutions and biological fluids. In particular, using
the viscosity standards and theoretical analysis, the ATS
output was corelated with sample viscoelasticity. The
obtained relationships were applied and validated for
measurement of rheological properties of dextran, xanthan
gum and gelatin solutions. The ATS was then used to
measure coagulation-induced changes in viscosity and
elasticity of whole blood and blood plasma.

Materials and methods
Reagents

Medical viscosity standard (MVS) fluids with viscosities of 1.2
cP, 1.6 cP, 2.0 cP, 4.0 cP, 6.0 cP and 10 cP, xanthan gum from
Xanthomonas campestris, and gelatin from porcine skin with

gel strength 200 were purchased from Millipore Sigma
(Burlington, Massachusetts). Dextran with molecular weight
of 2000 kDa and 35 to 45 kDa was purchased from Millipore
Sigma and US Biological Life Sciences (Salem,
Massachusetts), respectively. Dextran was mixed with
phosphate-buffered saline (PBS, Thermo Fisher Scientific,
Waltham, Massachusetts) to attain (1–5% w/v concentration).
Xanthan gum was mixed with distilled water (0.1–0.3% w/v
concentration) and then allowed to dissolve at room
temperature for 2–3 hours. (2–4% w/v) gelatin-in-water
mixtures were kept in a water bath at 37 °C for at least 30
minutes to dissolve.

Control normal, level 1 human plasma in lyophilized form
and aPTT-XL (ellagic acid) reagent were purchased from
Thermo Fisher Scientific. Calcium chloride (CaCl2) was
purchased from Millipore Sigma. 0.2 M solution of CaCl2 was
prepared by mixing with PBS. Similarly, blood plasma was

Fig. 1 (A) Schematic of the acoustic tweezing apparatus. (B) The drop was driven into shape oscillation by the sinusoidal carrier wave (black) with
swept amplitude modulation (pink). (C) Images of an oscillating blood drop during acoustic tweezing. (D) Driving signal induced change in drop
height (pink), as measured from the photo-detector output. Dark and light blue curves are the upper and the lower envelopes of the drop
response. (E) Amplitude–frequency response of the drop obtained from the envelope data in (D) with the following parameters extracted: area
under the curve (AUC), fpeak, Apeak, Amin, Amax, f1/2,right, and f1/2,left.
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prepared by mixing its lyophilized powder with PBS. The
plasma was either used immediately or aliquoted into small
batches that were stored in −80 °C. Whole blood was
collected from healthy volunteers in sodium citrate tubes
under protocol number 520566 approved by Tulane
University Institutional Review Board on 09-23-20 and the
volunteers provided informed consent.

Washed pooled sheep red blood cells (RBCs, 10%) were
purchased from Rockland Immunochemicals (Gilbertsville,
PA). 1 : 1 ratio of the 10% washed RBCs and phosphate
buffered saline (PBS) were mixed to prepare 5% RBC
solution. PBS was used as the control group (0% RBC).

Experimental setup

A custom acoustic tweezing system used in this study has the
following components (Fig. 1A, ref. 35): 1) an acoustic
levitator consisting of a transducer with a resonance
frequency of 29.5 kHz; 2) a reflector placed at half wavelength
from the transducer surface; 3) two function waveform
generators (33220A, Agilent, Santa Clara, California); 4) a
wideband power amplifier (7500, Krohn-Hite Corporation,
Brockton, Massachusetts); 5) an area scan digital camera
(acA1920-25um, Basler, Ahrensburg, Germany) or a high-
speed digital video camera (HotShot HS MegaX3CC, NAC
Image Technology, Tokyo, Japan); 6) a focused light source
(Odepro KL52Plus, Odepro Technology, Shenzhen, China); 7)
a photodetector (DET100A, Thorlabs, Newton, New Jersey); 8)
a data acquisition system (cDAQ-9171 with NI-9239 C voltage
input module, National Instruments, Austin, Texas) and 9) a
cool mist humidifier (AquaOasis, Monsey, New York). The
carrier signal was created by one of the function generators.
The swept modulation of the signal amplitude was achieved
by the second function generator. The resulting driving
signal, shown in Fig. 1B, was further amplified and sent to
the transducer. Without modulation, the driving signal
generates a standing acoustic wave between the transducer
and the reflector which enables levitation of a liquid drop
near the pressure node. The signal modulation causes drop
deformation (acoustic tweezing) in the form of quadrupole
shape oscillation (Fig. 1C). The modulated signal was swept
from 150 Hz to 50 Hz at a rate of 10 Hz per sec at a
modulation depth β of 10% using a custom VI program
(LabView, National Instruments). The frequency sweep was
repeated every 30 seconds. Note that sweeping below the
frequency of 40 Hz caused instability of the drop and
inability to maintain its levitation at constant acoustic
pressure. For the same reason, it was difficult to achieve
forced shape oscillation of low surface tension fluids, e.g.,
silicone oil, that have the natural frequency below that
critical frequency. The levitation of such drops requires a
reduction of acoustic pressure (carrier signal amplitude) at
which the response of the drop to the swept modulation is
much weaker and may lead to the drop falling.39,40 Therefore,
we decided to calibrate our data using MVS fluids that have a
higher surface tension.

The change in drop height during frequency sweep
(Fig. 1D) was measured from voltage output of the
photodetector, as previously described,41 using DAQExpress
software version 4.0 (National Instruments). Additionally,
images of the drop were captured by a digital camera using
Pylon Viewer (Basler AG) during every sweep (one image per
sweep) and analyzed by a custom edge detection algorithm in
MATLAB 2020b (Mathworks, Natick, Massachusetts) to obtain
the instantaneous equivalent radius R and aspect ratio b/a of
the drop. The drop height data were post-processed in
MATLAB by using a bandpass filter that kept the frequency
components within the swept frequency range and removed
the low and high frequency noise components that may arise
due to external factors such as surrounding air movement
and output electrical power fluctuations. Also, the time scale
was converted into the frequency scale based on the rate of
sweeping. The total peak-to-peak amplitude of the drop
deformation was calculated at swept frequencies as a
difference between the upper and lower envelopes of the
drop height. The peak-to-peak amplitude versus frequency
curve is referred to as “amplitude-frequency response” (AFR)
of the drop (Fig. 1E). See the ESI† for a supplementary movie
demonstrating an ATS experiment.

Experimental procedure

To initiate the intrinsic pathway of coagulation, 18 μl whole
blood, 18 μl freshly reconstituted blood plasma, or 18 μl
frozen blood plasma thawed in a water bath was mixed with
6 μl aPTT-XL containing 0.2 M CaCl2. CaCl2 was not added to
the control group. In each experiment, a 6 μl drop of a test
fluid (MVS, dextran, xanthan gum, gelatin, blood plasma, or
whole blood) was deployed into the acoustic tweezing device
using a 0.2–10 μL single channel electronic pipette (Maestro
M10-1, CAPP, Nordhausen, Germany). Note that in all the
experiments with gelatin, the sample was taken from a
heated water bath and placed immediately into the device
operated at room temperature. The cooling of gelatin sample
inside the device led to its gelation.

At least half an hour before an experiment, the humidifier
located near the device was turned on to maintain humidity
of surrounding air at 90% or above. Based on data obtained
by the quasi-static method, the levitated drop decreased its
radius by less than 5% in 20 minutes of tweezing at this
humidity level. During the drop deployment, the device was
operated without amplitude modulation. The modulation
sweep was then introduced, and the resulting drop response
(AFR) was measured as explained above. The following
parameters were extracted from each AFR curve (Fig. 1E):
peak frequency fpeak, peak amplitude Apeak, area under the
curve (AUC), amplitude at the lowest modulation frequency
Amin, amplitude at the highest modulation frequency Amax.
The quality factor (QF) was calculated as the ratio of the peak
frequency to the difference between the frequencies at half
peak amplitude, f1/2,left and f1/2,right (Fig. 1E):
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QF ¼ fpeak
f1=2;right − f1=2;left

(1)

The angular peak frequency ωpeak = 2πfpeak. The sample
viscoelasticity was measured by the resonant technique using
the QF, Apeak, and ωpeak or the nonresonant technique using
AUC and Amin. All the AFR parameters showed linear
dependence on the drop aspect ratio, which was accounted
for, along with the drop volume, when calculating the
normalized values of the parameters:

P nð Þ ¼ P − c
b=a

ffiffiffiffiffi
R3

p : (2)

Here P and P(n) are the parameter values before and after the
normalization and c is the y-intercept of the parameter vs.
aspect ratio curve.

Viscosity measurement. Based on the properties of the
MVS fluids, the theoretical AFR curves were generated using
the following equation for the amplitude of forced drop
oscillation [see Eq. (S11) in Sec. S1.3†]:

x ¼ Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8σ − ρω2R3ð Þ2 þ 8μωRð Þ2

q ; (3)

where x is the drop oscillation amplitude, A the driving
amplitude, ω the angular modulation frequency, σ the
surface tension, ρ the density, and μ the viscosity of the fluid.
From the theoretical AFR curves, we obtained the theoretical
Apeak and QF for MVS fluids. To obtain the theoretical AUC,
the trapezoidal numerical integration of eqn (3) was
performed. For all of the three parameters, correlation
analysis was conducted between the theoretical and
experimental values for the MVS fluids to get the correction
factors for the theoretical data. Uncorrected theoretical values
were then obtained for a wide range of viscosities. The
correction factors were applied to the theoretical Apeak, QF
and AUC vs. viscosity data to obtain the viscosity calibration
curves for these parameters.

Elasticity measurement. In the resonant method, the
elastic modulus G was obtained from the peak frequency
using the following formula [see Eq. (S7) in Sec. S1.1†]:

G ¼
ρR2 ω

ðnÞ
peak

� �2
− ω2

L

� �

10
; ωL ¼

ffiffiffiffiffiffiffiffi
8σ
ρR3

r
: (4)

Here ωL is the Lamb frequency for the quadrupole shape
oscillation of the drop.

In the nonresonant method, G was estimated from the
Amin data using the empirical relationship established based
on the gelatin G values measured by the resonant method:

G = G0 + (35 − G0) exp (−40Amin), (5)

where G0 is the initial elasticity value. It should be noted that
the peak frequency is independent on the viscosity as
illustrated in Fig. S1.†

Statistical and corelation analysis

The data were analyzed by GraphPad Prism version 9
(GraphPad Software, San Diego, CA). The p value was
calculated by Mann–Whitney nonparametric t-test and set at
<0.05 for a statistically significant difference. Data normality
was confirmed by the Shapiro–Wilk test. Linear correlation
was established by using the Pearson coefficient of
correlation Rp.

Results

Fig. 2 shows the AFR curves for water, low and high
molecular weight dextran solutions, MVS fluids, and control
and recalcified blood plasmas. There were multiple peaks
in the water and low molecular weight (35–45 kDa) dextran
solution AFRs (Fig. 2A, green and blue). These peaks
appeared because of energy transfer from quadrupole shape
oscillation into other modes of oscillation, e.g., drop
twisting, when the drop approached resonance. They were
not observed for high molecular weight (2000 kDa) dextran
(Fig. 2A, pink). The switch from the multi-peak to single-
peak AFR occurs because of: 1) higher viscosity of and 2)
fiber structure formation in the high molecular weight
dextran solution. As seen in Fig. 2B, an increase in fluid
viscosity reduces the number of peaks and/or the region of
instability around the resonant peak. The instability region
width was ∼21.5 Hz for MVS 1.2, but it reduced to ∼14.8
Hz, 13.1 Hz, 12.9 Hz and 8.2 Hz for MVS 1.6, 2, 4, and 6,
respectively. MVS 10 had a single peak. The presence of
structure inside the drop also had a strong effect on the
drop behavior near resonance. For example, blood plasma
had a single peak in the AFR curve despite having the
same viscosity as MVS 1.2 (Fig. 2C). This is explained by
the presence of large macromolecules in plasma such as
albumin, fibrinogen and globulins. Adding red blood cells
to a saline solution at a hematocrit of as low as 5% caused
the multiple peak disappearance (see Fig. 6 below). When
comparing the AFR curves for control and recalcified blood
plasmas (Fig. 2D), it is clearly seen that coagulation caused
a decrease in peak amplitude and an increase in resonance
frequency. The rate of change in peak amplitude in
recalcified plasma was higher than in control plasma
(Fig. 2D, solid and dashed lines) due to the increased
viscous damping during coagulation. There was a small
shift in peak frequency in control plasma due to drop
evaporation. A much larger change in peak frequency,
caused by an increase in elasticity, was seen in recalcified
plasma. The peak nearly disappeared at 5 min since
initiation of coagulation indicating the necessity of using
the nonresonant method at later times.
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Fig. 3 illustrates the effect of viscosity on resonant
(Apeak, QF) and nonresonant (AUC) AFR properties. The
Apeak and QF had strong correlation (Rp = 0.89–0.91) and
AUC had a very strong correlation (Rp = 0.94) with viscosity
(Fig. 3A, C and E). The slightly reduced sensitivity of the
resonant parameters was a direct result of the multiple
peak appearance in low viscosity fluids (Fig. 2B). As seen in
Fig. 3(B, D and F), there exists an excellent agreement
between the normalized experimental and theoretical values
of these parameters (Rp = 0.99 for Apeak and AUC, and Rp =
0.98 for QF), described by the following correction
equations:

A(exp,n)peak = 0.53 A(theor,n)peak − 0.03,
QF(exp,n) = 2.5 QF(theor,n) − 8.4,
AUC(exp,n) = 1.6 AUC(theor,n) − 24. (6)

Eqn (6) were used to generate the viscosity calibration curves.
By applying the calibration curves to experimental data,

we measured the viscosities of the following polymer
solutions: dextran solutions, which are Newtonian fluids (no
elasticity35), xanthan gum solutions, which show time-
independent viscoelasticity,42 and gelatin solutions whose
viscoelastic properties change during gelation43 (Fig. 4). The
normalized AUC, Apeak, and QF significantly changed (p <

Fig. 2 Amplitude frequency response (AFR) of (A) water (green) and 5% (w/v) dextran of molecular weights of 35 to 45 kDa (blue) and 2000 kDa
(pink); (B) MVS fluids with viscosity 1.2 cP (black), 2.0 cP (pink), 6.0 cP (green), and 10 cP (blue); (C) MVS with viscosity 1.2 cP (green) and
commercial blood plasma (pink); (D) untreated blood plasma (dashed lines) and blood plasma treated with aPTT-XL and CaCl2 (solid lines) at time
0 min (blue), 2.5 min (pink) and 5 min (green). ■ represents an AFR curve with multiple peaks, ★ represents a smooth AFR curve with a single peak,
and ◆ represents a nonresonant AFR curve (no peak).
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0.0001, Rp = 0.95–0.99) with dextran concentration (Fig. 4A–
C). The dextran solution viscosity measured from these
parameters agreed well with previously reported values44

(Fig. 4D). The best agreement was obtained for the
nonresonant method (AUC), which predicted that the 3%, 4%
and 5% dextran solutions had the mean viscosity of 5.39,
8.11 and 11.3 cP, respectively (solid bars). These values
deviate from the reported values (dashed lines) by
respectively 2.18%, 1.44% and 3.76%, all within the 95%
confidence interval of the mean. In the resonant method,
viscosities predicted by QF were outside the confidence
interval for the 3% and 5% dextran, but no such deviation
was observed for viscosities assessed from Apeak. Based on

this analysis, the nonresonant method was applied to
measure viscosities of other fluids.

The normalized AUC for xanthan gum decreased with an
increase in gum concentration from 0.1% to 0.3% but it
did not change with time (Fig. 4E). The latter is expected
because of fixed viscosity of xanthan gum. The mean
viscosity of 0.1%, 0.2%, and 0.3% xanthan gum estimated
from the calibration curves was 9.12, 12.5, and 15.6 cP,
respectively (Fig. 4F). The percent difference between our
measurement and the reported values45 was 2.5% for 0.1%,
0.2% for 0.2% and 1.3% for 0.3% solution. These
differences were within the 95% confidence interval of the
mean.

Fig. 3 Normalized peak amplitude (A), quality factor (C), AUC (E) for MVS fluids with viscosity 1.2 cP (black), 1.6 cP (pink), 2.0 cP (green), 4.0 cP
(blue), 6.0 cP (yellow) and 10 cP (red). Also shown are theoretical versus experimental correlation curves for peak amplitude (B), quality factor (D)
and area under the curve (F). Sample size n = 9. ***p < 0.001, ****p < 0.0001.
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The gelatin normalized AUC decreased with gelatin
concentration as well as with time due to viscosity increase
during the gelation process (Fig. 4G). Within 20 minutes of
acoustic tweezing, the viscosity increased from 10.4 cP to 41.9

cP for 2% gelatin, from 14.0 cP to 52.05 cP for 3% gelatin, and
from 16.1 cP to 60.1 cP for 4% gelatin (Fig. 4H).

Fig. 5 shows the elasticity measurement of xanthan gum
and gelatin solutions by ATS. The peak frequency (resonant

Fig. 4 Normalized AUC (A), peak amplitude (B), quality factor (C), and (D) viscosity measured by the nonresonant (solid bar) and resonant
(horizontal stripes, checkerboard) ATS for 1% (black, n = 10), 2% (pink, n = 10), 3% (green, n = 25), 4% (blue, n = 25), and 5% (red, n = 26) high
molecular weight (2000 kDa) dextran solutions. Also shown are (E) normalized AUC vs. time and (F) viscosity for 0.1% (black, n = 17), 0.2% (pink, n
= 17), and 0.3% (green, n = 16) xanthan gum solutions. (G and H) are the normalized AUC and viscosity vs. time for 2% (blue, n = 4), 3% (yellow, n =
5), and 4% (red, n = 4) gelatin solutions. The viscosity of xanthan gum and gelatin solutions was measured by the nonresonant method. Black
dashed lines in (D) and black solid lines in (F) are reported reference values of viscosity for dextran and xanthan gum solutions. ****p < 0.0001.
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technique) increased with the gum concentration between
0.1% and 0.3% but did not change with time (Fig. 5A). This
resulted in the following mean values of elasticity: 0.22 Pa for
0.1%, 0.58 Pa for 0.2%, and 1.3 Pa for 0.3% xanthan gum
(Fig. 5B). These values deviated from the reported values46,47

(dashed lines) by respectively 0.6%, 7.2% and 7.5%, all within
the 95% confidence interval.

As seen in Fig. 5C, the peak frequency and thus elasticity
increased with time and gelatin concentration, while Amin

showed the opposite trend (Fig. 5D). Note that an increase in
gelatin viscosity caused the peak disappearance in the AFR
curve at ∼11.5 min for 3% and 8 min for 4% gelatin at which
the resonant technique became unusable. Due to a lack of

elasticity standards, we had to rely on the resonant G data to
obtain the calibration curve for the nonresonant method. As
evident from Fig. 5E, there exists an exponential relationship
between Amin and G in which only the initial elasticity value
G0 depends on the gelatin concentration [cf. eqn (5)]. This
relationship was used to predict the gelatin elasticity before
and after the peak disappearance (Fig. 5F). A good match was
observed for the elasticity values measured by the resonant
(filled symbols) and nonresonant methods (hollow symbols).

Once validated, we have applied the ATS technique to
measure viscosity of RBC solutions and changes in
viscoelasticity of blood plasma and whole blood during
coagulation. Fig. 6 shows results from ATS experiments

Fig. 5 Normalized ωpeak (A) and elastic modulus G (B) for 0.1% (black, n = 17), 0.2% (pink, n = 17), and 0.3% (green, n = 16) xanthan gum solutions.
(C and D) show normalized ωpeak and Amin vs. time for 2% (blue, n = 4); 3% (yellow, n = 5); and 4% (red, n = 4) gelatin solutions. In (E and F), elastic
modulus G of gelatin solutions is plotted as a function of Amin and time, based on measurements by the resonant (solid symbols) and nonresonant
(hollow symbols) methods. Black solid lines in (B) are reported reference values of xanthan gum solution elasticity.
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performed using sheep RBC solutions with different
hematocrits. As seen in Fig. 6(A), drops in the control group
had multiple peaks in the AFR (black dashed line). Adding a
small amount of RBCs (5% RBC) caused the multiple peak
disappearance (pink solid line). The further increase in
hematocrit (10%) led to a reduction in peak amplitude due to
an increase in viscosity (green, dash dotted line). Thus, the
ATS can detect the presence of cellular components in the
sample drop and measure its volume fraction through
analysis of the number and amplitude of the AFR peaks.
There was a significant difference between the normalized
area under the curve (AUC) for all the three groups (Fig. 6B).

The mean viscosity of 0%, 5%, and 10% sheep RBC solutions
estimated using ATS were 1.0 cP, 2.5 cP, and 2.8 cP,
respectively (Fig. 6C).

Control anticoagulated blood plasma had negligible shear
elasticity G and its mean shear viscosity μ was ∼1.5 cP, as
previously reported48,49 (Fig. 7A and B, circles). When the
plasma was recalcified, G increased to its plateau value of
10.7 Pa between 3.5 min and 6.5 min (Fig. 7A, squares). The μ

of recalcified plasma started to increase at about 1.5 min and
reached its highest value of 3.35 cP at 9 min (Fig. 7B, squares).
The elasticity of recalcified whole blood increased from 0.1 Pa
at 3 min to 19.2 Pa at 15 min (Fig. 7C). Its viscosity increased

Fig. 6 (A) AFR, (B) normalized AUC, and (C) viscosity of PBS with 0% (black), 5% (pink) and 10% (green) sheep RBCs, measured by ATS. Sample size
n = 10 to 13. ***p < 0.001, ****p < 0.0001.

Fig. 7 Elastic modulus G (A) and viscosity μ (B) vs. time for control anticoagulated plasma (blue, n = 5) and plasma treated with aPTT-XL and CaCl2
(pink, n = 10). (C and D) show G (red, n = 16) and μ (green, n =18) vs. time for whole blood treated with aPTT-XL and CaCl2. In (A and C), hollow
and solid symbols are the data produced by the nonresonant and resonant methods, respectively.
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from about 5.4 cP before the onset of coagulation49,50 to 20.7
cP at 15 min of coagulation (Fig. 7D). The change in elasticity
of coagulating blood plasma is identical to the mechanical
tweezograph reported in ref. 36. It should be noted that the
sample drop elasticity is proportional to the drop radius
squared, according to eqn (4). Therefore, we anticipate that
the elasticity values obtained by our single drop technique
will be less than measured by rotational rheometry and other
large sample volume techniques. Recent rotational rheometry
measurements of 160 μl blood plasma samples (effective
radius of ∼3.37 mm)51 predict that the plasma elasticity
reaches the value of 98.2 Pa when fully clotted. The effective
radius of our blood plasma samples was ∼3 times less than
the sample size in that study. Thus, if rotational rheometry
were applied to 6 μl samples, the elasticity is projected to be
11.0 Pa, which lies within the confidence interval of the mean
of our measurement (10.7 Pa).

Discussion

The ability of this method to detect rheological properties of
fluids with such a small volume provides an opportunity for
testing fluids where availability is limited, difficult to extract,
or extremely expensive to produce. For instance, rheological
analysis of pharmaceutical products is routinely used for
assessment of their dosage and stability.6,52–54 Reduction in
sample volume significantly decreases the cost of this
analysis55,56 and can bring down drug development costs,
particularly for expensive protein- and antibody-based
biopharmaceutical formulations.57

Biological fluids that can be collected from small animals
are very limited, and some of them are difficult to extract
from humans. The measurement of their rheological
properties is essential for assessment of their function in
normal and diseased states. For example, rheological changes
in synovial fluid are an early biomarker of arthritis and
mixed connective tissue disease.13,58,59 Up to 4 μl and 200 μl
of synovial fluid can be extracted from small (mice) and large
(canine) animals for biomarker analysis,60 which is not
sufficient for traditional rheological analysis. The human
knee contains 0.5–4 ml61 synovial fluid, which is often
extracted during the total knee arthroplasty,62 but collection
of such a large volume is not advisable during early stages of
arthritis. Small volume rheology is also required for
pathological analysis of the vitreous, a fluid that fills the
eye63–67 as well as severity analysis of lung infection68 and
vocal disorders.69 The total vitreous volume in human eyes is
about 4 ml,70 while the collected volume of human laryngeal
mucus ranges from 10 μl to 1.8ml.69 The ATS enables safe
and reliable analysis of these fluids.

The flow of blood in both small and large vessels critically
depends on its rheological properties. Many
pathophysiological conditions developed in the
cardiovascular system are associated with changes in blood
rheology including blood viscosity and elasticity. Whole blood
and blood plasma viscosities are well recognized biomarkers

of ischemic heart disease, stroke, myocardial infarction and
hypertension,71–75 hematological disorders,76 cancer,77,78

diabetes.79 Hypercoagulable state in smokers,80 and aging.81

Viscoelastic analysis of whole blood and blood plasma82–84 is
performed to assess blood coagulation status and predict
bleeding/thrombosis risks in critical care patients,85–89

patients on anticoagulant therapy,90 patients with diseases
impacting the coagulation system,91–95 and patients with
clotting disorders such as hemophilia and
thrombophilia.96,97

Coagulation analysis is currently done by contact
techniques that operate with relatively large volumes of
blood, which are susceptible to diagnostic errors98 and may
cause iatrogenic anemia in small children and the
elderly.99–101 Due to the safety concerns, coagulation tests are
not performed as often as required in these groups of
patients. With minimal sample volume (a single drop of
blood) and noncontact measurements, the acoustic tweezing
technology enables safe, fast, and reliable analysis of blood
viscosity and coagulation in vulnerable patients. The
emerging application of small volume coagulation analysis is
a quick finger prick test for risk assessment of infectious
disease, particularly COVID-19 which severity is associated
with the hypercoagulable state.102,103

The results presented in this work (Fig. 2 and 6) indicate
that the ATS technique can detect the presence of particles or
large macromolecules within the sample drop, in addition to
viscoelastic measurements. This can potentially be used for
structural analysis of biological fluids including detection of
high molecular weight compounds, concentration
measurement of blood plasma proteins, and cell counting.

Conclusions

This work introduces a novel non-contact technique
(acoustic tweezing spectroscopy or ATS) for dynamic
rheological measurements of polymeric and biological
fluids. The ATS uses a single drop of fluid sample (4–6 μl)
per measurement, and viscosity and elasticity data
produced by this technique agreed well with the previously
reported data for dextran, xanthan gum, blood plasma and
whole blood. The ATS addresses the issue of sample
contact with container walls which may lead to artificial
changes in rheological properties of highly sensitive
biological materials. Our future work will be focused on
clinical validation of the ATS-based coagulation analysis,
using ATS for blood viscosity analysis in cardiovascular
disease, testing this technique on pharmacological
formulations and other biological fluids, and its expansion
for fluid structural analysis.
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