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ABSTRACT: We present an experimental method including
error analysis for the measurement of the density and
compressibility of cells and microbeads; these being the two
central material properties in ultrasound-based acoustophoretic
applications such as particle separation, trapping, and upconcentration. The density of the microparticles is determined
by using a neutrally buoyant selection process that involves
centrifuging of microparticles suspended in diﬀerent density
solutions, CsCl for microbeads and Percoll for cells. The speed
of sound at 3 MHz in the neutrally buoyant suspensions is
measured as a function of the microparticle volume fraction, and
from this the compressibility of the microparticles is inferred.
Finally, from the obtained compressibility and density, the
acoustic scattering coeﬃcients and contrast factor of the microparticles are determined, and in a sensitivity analysis, the impact of
the measurement errors on the computed acoustic properties is reported. The determination of these parameters and their
uncertainties allow for accurate predictions of the acoustophoretic response of the microparticles. The method is validated by
determining the density (0.1−1% relative uncertainty) and compressibility (1−3% relative uncertainty) of previously wellcharacterized polymer microbeads and subsequently applied to determine the density (0.1−1% relative uncertainty),
compressibility (1% relative uncertainty), scattering coeﬃcients, and acoustic contrast factors for nonﬁxed and ﬁxed cells, such as
red blood cells, white blood cells, DU-145 prostate cancer cells, MCF-7 breast cancer cells, and LU-HNSCC-25 head and neck
squamous carcinoma cells in phosphate buﬀered saline. The results show agreement with published data obtained by other
methods.

A

and cancerous cells.5 The determination of the acoustic
properties is a necessary prerequisite to predict and characterize
any acoustophoretic handling of suspended microparticles.
Various techniques have been used to determine the
mechanical properties of single cells, such as atomic force
microscopy, optical tweezers, and glass micropipetting.14−22
Speciﬁcally, the acoustophoretic mobility coeﬃcient and the
expression for the acoustic contrast factor have been employed
together with microparticle tracking experiments to estimate
the compressibility of microbeads and cells.23 In these methods,
the density and the radius of the microparticles were based on
previously reported values and not derived within the
experiments, thereby introducing uncertainties in the estimate
of the measured quantities. Furthermore, this assumes that a
population of cells can be characterized by single or a few

coustophoresis is a well-established technology to spatially
manipulate microbeads and biological cells at the
microscale. Indeed, it has been demonstrated that the
combined action of acoustic pressure waves and a carrier
ﬂuid in an embedded microﬂuidic channel can be used for
concentration,1 trapping,2 washing,3 alignment, and separation
of diﬀerent cell types4−7 with high accuracy and precision. The
ability to isolate, separate, and enrich diﬀerent cell types from
biological matrixes, e.g., human blood, urine, cerebral spinal
ﬂuid, is important for clinical studies, such as cell diﬀerentiation,
phenotype proﬁling, and determining the disease states of
cells.8−12
The separation principle is based on the acoustic radiation
force acting on a speciﬁc microparticle type. The acoustic
radiation force depends on the ratio of the density and
compressibility of the suspended microparticles and the
surrounding medium as well as the frequency and energy
density of the imposed ultrasound ﬁeld.13 The resulting
migration, called acoustophoresis, can be used to separate
microparticles with diﬀerent acoustic properties, such as WBCs
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The acoustophoretic force Fac on a microparticle of radius a
is given by these scattering coeﬃcients together with the
acoustic pressure ﬁeld p and velocity ﬁeld v at the position of
the particle.13 For the special case of a standing plane wave in
the z-direction êz, the force expression simpliﬁes to

density, compressibility, and radius values, not truly representing the average properties of an entire cell population.
Recently, starting from measurements on the average particle
radius and density, a microparticle tracking method was used to
measure the compressibility of microbeads.24 This microparticle tracking method used traveling acoustic waves where all
acoustophoretic parameters were calibrated based on polystyrene values (density and compressibility) from reports25 and
were not derived within the experiment, thus leading to
uncertainties in the measured quantities. Additionally, the
microparticle tracking method tracks the position of single
microbeads which is still on the single particle level and does
not give population based data.
Average compressibility values of microparticle populations
can be obtained from Wood’s equation26 by measuring the
speed of sound in microparticle suspensions as a function of the
microparticle concentration. Such measurements have been
previously used to determine the compressibility of polystyrene
microbeads and red blood cells (RBCs).27,28 However, the
density was not determined on the same samples but instead
based on values reported in the literature, and the impact of the
uncertainties of the measurement of the density, speed of sound
and compressibility, was not addressed. Furthermore, the
speed-of-sound measurements were not based on neutrally
buoyant suspensions, which increase the measurement
uncertainty due to combined dependence of density and
compressibility as well as particle sedimentation, which occurs
on the same time scale as the measurement process.
To determine the compressibility independently from the
density, we perform the speed-of-sound measurements on
neutrally buoyant suspensions. In this case, the speed of sound
of the microparticle suspensions depends only on the volume
fraction of the microparticles and on the compressibility of the
microparticles relative to that of the ﬂuid. This simpliﬁes the
determination of the parameters considerably without introducing additional diﬃculties in the experiments. The present paper
describes not only the experimental method for the measurement of the density and the compressibility, but it also
addresses a thorough analysis of the experimental errors that
such a method introduces into the measured and derived
quantities. Finally, from the density and compressibility it is
possible to determine the acoustic scattering coeﬃcients and
the contrast factors of the microbeads and cell populations in
speciﬁc suspension media and to assess the errors aﬀecting the
average measured values.
The neutrally buoyant ultrasound-based method we propose
represents an improvement in measuring average acoustic
properties by decoupling the measurement of the compressibility from the density.

Fac =

Φ0(κ ̃ , ρ ̃) = f0 (κ )̃ +

c ̃ = α(κ ̃ , ρ ̃)x + 1,
α (κ ̃ , ρ ̃ ) =

2(ρ ̃ − 1)
2ρ ̃ + 1

(4)

x≪1

1
[(1 − κ )̃ + (1 − ρ ̃)]
2

(5)
(6)

At neutral buoyancy, the microparticle and the ﬂuid densities
are identical, so ρ̃ = 1, and the slope α reduces to
α(κ ̃ , 1) =

1
[(1 − κ )],
̃
2

ρ̃ = 1

(7)

in which case f 0 = 2 α, κ̃ = 1 − 2α, and the microparticle
compressibility becomes κp = (1 − 2α)κf.
Measurements and Errors. We consider n independent
variables mi, which by independent measurements is found to
have averages m̅ i = ⟨mi⟩, variances σi2 = ⟨(mi − m̅ i)2⟩, and
relative errors ϵi = σi/m̅ i. The relative error ϵg on a quantity
g(m1,...,mn), which is a function of the measured variables, is
given by the usual expression for the propagation of error, ϵg2 =
∑i[sig(m1, ..., mn)]2 ϵi2, where the sensitivity factors are given by
∂g
m /g
∂mi ̅ i ̅

with g ̅ = ⟨g(m1,...,mn)⟩. Details
about the values of the errors and the relative errors are
described in Methods.
For the ﬂuid, the compressibility κf and the sensitivity factors
are determined by the measured density ρ̅f and the speed of
sound cf̅ ,
1
κ f̅ =
, sκcff = 2, sκρff = 1
ρf̅ c f̅ 2
(8)

sgi (m1 , ..., mn) =

THEORY REVIEW
Acoustophoretic Parameters. Consider a single microparticle of density ρp and compressibility κp suspended in a ﬂuid
with density ρf and compressibility κf. The acoustic monopole
and dipole scattering coeﬃcients are, respectively,

f1 (ρ ̃) =

3
f (ρ ̃ )
21

(3)

where k is the acoustic wavenumber, Eac is the acoustic energy
density, and Φ0 is the contrast factor. Consequently, the density
and the compressibility of a microparticle are central in
determining the acoustophoretic performance. Equations 1−4
have been used as main tools for the acoustophoretic
determination of the acoustic energy density and the density
and compressibility of cells.29,30 In the present context, eqs 1, 2,
and 4 will be used to compute the scattering coeﬃcients, the
contrast factors, and their errors.
Speed of Sound of Suspensions. The speed of sound in
a ﬂuid changes from cf to cs as microparticles are suspended in it
with a volume fraction x. The relative speed of sound c̃ = cs/cf is
given by the Wood’s equation,26,27 c̃ = [1 − (1 + κ̃) x][1 − (1 +
ρ̃) x]−1/2. For x ≪ 1, this expression reduces to a linear
function of x

■

f0 (κ )̃ = 1 − κ ̃

4a3
Φ0(κ ̃ , ρ ̃)kEac sin(2kz)eẑ
3

For the microparticle, the compressibility value κf̅ can be
calculated as

(1)

⎡
⎛
ρp̅ ⎞⎤
κ p̅ = κ f̅ ⎢1 − 2α̅ + ⎜⎜1 − ⎟⎟⎥
ρf̅ ⎠⎥⎦
⎢⎣
⎝

(2)

where κ̃ = κp/κf is the particle/ﬂuid compressibility ratio and ρ̃
= ρp/ρf is the particle/ﬂuid density ratio.

(9)

with the corresponding sensitivity factors for the particle
compressibility
B
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sκcpf = 2
ρ

sκρpf = sκpp =
sκαp =

3000g for tcent = 5 min. By visual inspection of the
centrifugation results, the neutrally buoyant particle suspension
was selected, its density ρs was measured, and the particle
density was subsequently assigned that value, ρp = ρs. In this
procedure, small deviations between the measured density ρf of
the solution that made the particle neutrally buoyant and the
particle (or suspension) density ρp were observed. To verify
that microbead suspensions were neutrally buoyant, we
doubled the centrifugation time (10 min), which gave us the
same results in the neutrally buoyant solutions.
The error σρp for the particle density ρ̅p arises from the visual
selection of the neutrally buoyant suspension. An upper bound
on the particle density error σρp is therefore obtained by using
the centrifugation time tcent as a lower bound of the time it takes
a nearly neutral buoyant particle of density ρ̅p = (1 + ϵρp) ρ̅f,
where ϵρp = σρp/ ρ̅p, to sediment/ﬂoat for H ≈ 1 cm
(maximum-allowed vertical displacement) from the top/
bottom of the vial at its terminal speed in the solution of
density ρ̅f and viscosity ηf ≃ 1 mPa s,

(10)

1
(1 − 2α̅ )

(11)

2α̅
(1 − 2α̅ )

(12)

Note that if α ≈ 1/2, three of the four sensitivity factors
diverge. It is important to emphasize that if the microparticle
compressibility approaches the compressibility of the ﬂuid, the
average slope α̅ approaches the value 1/2, and three of the four
sensitivity factors diverge. In this case the measurements of κp̅
becomes highly uncertain.
The measurements for the scattering coeﬃcients are given by
the averaged version of eqs 1 and 2) with ρ̃ = ρ̅p/ρ̅f and κ̃ = κp̅ /
κf̅ , and the corresponding sensitivity factors become
κ

s κf f = s f p =
0

ρ

0

f0̅

0

(13)

σρp =

6ρp̅ /ρf̅

ρ

s f f = s fp =
1

κ p̅ /κ f̅

2

f1̅ (2ρp̅ /ρf̅ + 1)

(14)

κ

ρ

ρ

sΦp0 = sΦf0 =

■

κ p̅ /κ f̅
Φ̅ 0

(15)

9ρp̅ /ρf̅
Φ̅ 0(2ρp̅ /ρf̅ + 1)2

(16)

METHODS
Density Measurements. Suspensions and Solutions. The
densities of the suspensions and the density solutions reported
in this work was measured using the density and speed of
sound metering instrument DSA 5000 M (Anton Paar, Malmö,
Sweden), for which the instrumental error is σDSA
≈ 10−2 kg/
ρ
3 31
m . The error for the density measurements σρ (ρ = ρf or ρs)
is the root-sum-squared of the instrumental error σρfDSA and the
standard deviation on the measurement set,
σρ =

(σρDSA )2 + ⟨(ρ − ρ ̅ )2 ⟩ ,

ρ = ρf or ρs

2gcent a ̅ 2tcent

(18)

It has been observed experimentally that the error computed
from eq 18 is larger than the error for the suspension density ρs
given by the measurements through eq 17. In eq 18, the radii of
the polymer beads and the cell populations were estimated by
averaging Coulter Counter data (Multi-Sizer).
Cells. The density of cells was measured in the same way as
that of microbeads but using a less intense centrifugation at gcent
= 200g to maintain the cell viability. Fixed and nonﬁxed
populations of human RBC and WBC (RBC-lysed blood),
along with various cultured cell lines, i.e., DU-145 (prostate
cancer), MCF-7 (breast cancer), and LU-HNSCC-25 (head
and neck squamous carcinoma), were added in phosphate
buﬀered saline solutions (PBS, Sigma-Aldrich) at pH = 7.4 and
centrifuged for 5 min at 200g. To allow visual inspection of the
neutral buoyancy selection process, enough cells were added to
the PBS solutions to make them opaque prior to centrifugation.
The supernatant of the cell suspensions was then removed and
the cells were resuspended in solutions of known densities.
These density solutions were prepared by adding various
amounts of Percoll into aqueous solutions (Milli-Q water)
containing enough NaCl (Sigma-Aldrich) to make the solution
isotonic with an osmolality between 300−340 mOsm/kg H2O
as to match the human serum range of osmolality (240−340
mOsm/kg H2O), and the pH was adjusted to 7.4 by adding
HCl (0.1 N). The cells were then resuspended in the density
solutions and centrifuged at gcent = 200g for tcent = 5 min. The
neutrally buoyant suspension was selected by visual inspection,
its density was measured and taken to be the cell density. Also
in this case small deviations between the density solution ρf and
the cell density ρp were observed. Again, to verify that cell
suspensions were neutrally buoyant, we doubled the
centrifugation time (10 min), which gave us the same results
in the neutrally buoyant solutions.
Particle Size and Volume Fraction. The volume fraction

Finally, the acoustophoretic contrast factor Φ̅ 0 follows from eq
4, again using ρ̃ = ρ̅p/ρ̅f and κ̃ = κp̅ /κf̅ , and the sensitivity factors
for Φ0 are given by
sΦp0 = sΦκf0 =

9Hηw

(17)

All the measurements in this work were carried out at T = 25
°C.
Microbeads. The material and diameter 2a of the polymer
microbeads used in the validation were polystyrene 2a = 5 μm
(PS5) and 2a = 7 μm (PS7), melamine 2a = 10 μm (MA), and
poly(methyl methacrylate) 2a = 3 μm (PMMA), all from
Sigma-Aldrich (Stockholm, Sweden). Their densities were
determined using the following neutral-buoyancy selection
process.
The microbeads were centrifugally washed in 1 mL of MilliQ water with approximately 0.1%w (weight fraction) Pluronic
F-108 surfactant (Sigma-Aldrich) at 3000g for 2 min. Solutions
of diﬀerent density were prepared by adding cesium chloride
(CsCl, Sigma-Aldrich) to 0.1% w Pluronic F-108 in Milli-Q
water, and their densities were measured. Microbeads were
then added to each density solution and centrifuged at gcent =

4

of microbeads and cells x =

N 3 πa 3
4

Vf + N 3 πa3

of particles in a given

suspension of volume Vf were obtained by dilution of the
neutrally buoyant microparticle suspensions into a known
amount of the corresponding density matched solution. After
dilution, the obtained volume fractions were measured using a
C
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commonly encountered in acoustophoretic applications, and
(iii) use the derived density and compressibility to calculate the
scattering coeﬃcients and the acoustophoretic contrast factor
for the diﬀerent cell populations. An example of the neutralbuoyancy selection process for determination of the microparticle density is illustrated in Figure 1 for RBCs in three

Coulter Counter (Multi-Sizer). The relative error for the
volume fraction was computed from the relative error on the
microparticle radius σa, that was estimated by measuring
reference 20 μm polystyrene beads before and after the Coulter
Counter calibration and considering the error as the diﬀerence
between the before-calibration average radius and the aftercalibration average radius. The relative error resulted to be ϵa ≈
10−2. By considering that for small particle volume fraction
4

x≃

N 3 πa 3
Vf

and having thus sax = 3, the relative error on x is εx ≈

3 × ϵa = 3 × 10−2.
Speed of Sound Measurements. For each neutrally
buoyant particle suspension sample obtained after centrifugation, both the speed of sound cs of that suspension and the
speed of sound cf of the corresponding density solution were
measured at 3 MHz using a 2.5 mL sample volume in the
density and speed of sound metering instrument DSA 5000M.
The error σc (c = cf or cs) for the speed of sound is the rootsum-squared of the instrumental error σDSA
≈ 0.5 m/s31 and
c
the standard deviation of the measurement set
σc =

(σcDSA )2 + ⟨(c − c ̅ )2 ⟩ ,

c = cf

or cs

(19)

For each type of particle, ﬁve to seven suspensions with
diﬀerent particle volume fractions were made, and their
respective speed of sound were measured. The slope α̅ and
its error σα were determined by orthogonal least-squares
ﬁtting32 of the linear model eq 5, as to take into account for the
errors on the volume fraction. The validation for the speed of
sound measurements was performed by measuring the speed of
sound in water at T = 25 °C that resulted in cf = 1496. 9(5) m/
s which is in accordance, within the given uncertainty, with the
reference values.33,34
Cultured Cells and Blood Processing. Human cancer cell
lines, DU-145 (prostate cancer) and MCF-7 (breast cancer),
were acquired from the American Type Culture Collection
(ATCC) and grown according to ATTC endorsed methods.5
The head and neck squamous carcinoma cell line LU-HNSCC25 was established in our laboratory and grown in Dulbecco’s
modiﬁed Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/mL penicillin, and 100 units/mL streptomycin sulfate. The concentrate of human blood and WBCs was
furnished from the Lund University Hospital, (Lund, Sweden)
from anonymous healthy donor volunteers. Blood vacutainer
tubes containing ethylenediaminetetraacetic acid (EDTA) as an
anticoagulant were used to obtain human blood samples. For
experiments with RBC-lysed samples, the blood was lysed
(without ﬁxative) at room temperature for 15 min using BD
Pharm Lyse solution (BD Bioscience), following BD approved
methods.5 Cell ﬁxations (except RBC samples) were performed
by incubation in PBS with 2% paraformaldehyde (PFA) for 15
min on ice.5 Fixed cell samples were then centrifugally washed
2× with PBS at 200 for 5 min; ﬁxed cell samples were then
resuspended in PBS. Following the BD Biosciences approved
method, RBC samples were ﬁxed by incubation in cold PBS
with 0.05% glutaraldehyde for 10 min. Fixed RBC samples were
then centrifugally washed 2× with PBS at 200g for 5 min and
resuspended in PBS.

Figure 1. Visual example of the results after the centrifugation of three
RBC suspensions with (a) positive buoyancy, (b) neutral buoyancy,
and (c) negative buoyancy.

Percoll solutions of diﬀerent densities corresponding to (a)
positive, RBCs ﬂoat over a denser solution, (b) neutral, RBCs
equally dispersed in a solution with density ρf = 1107.05 kg/m3,
and (c) negative, RBCs sediment.
Method Validation. To validate the method, we measured
the acoustic properties of polymer microbeads. Figure 2 shows
the linear change in the relative speed of sound c̃ − 1 for
neutrally buoyant microbead suspensions as a function of the
particle volume fraction x. The lines are obtained by ﬁtting eq 5
to the experimental data (error crosses). Table 1 shows the
numerical values obtained from the experimental analysis. In
the case of neutrally buoyant suspensions, the slope increases as
the compressibility ratio κ̃ decreases, see eq 7, so the largest and
smallest slope is obtained for MA and PS7 microbeads,
respectively. Polystyrene microbeads with diﬀerent size were
measured to demonstrate that the measurements of density and
compressibility are weakly aﬀected by the particle size in the
method we propose. Although the particle diameters diﬀer by
40%, the measured density and compressibility of the particle
types diﬀer less than 0.1% (see Table 1).
The sensitivity of the method is now discussed with the aid
Figure 2b where the sensitivity factors are shown in a log−log
plot as a function of the slope α̅ . The vertical continuous lines
represent the slope values for the PS5 and PMMA microbeads,
and the vertical dashed line corresponds to α̅ = 1/2, where the
method exhibits the largest sensitivities. Figure 2b shows that
there exists three sensitivity regimes (color-shaded areas) (i) α̅
< 1/4 and α̅ > 1, where sκpcf > sκpα,sκpρf,sκpρp and the relative error
for the speed of sound ϵcf dominates; (ii) 1/4 < α̅ < 1/2, where
the relative error for the particle density ϵρp dominates; (iii) 1/2
< α̅ < 1, where the relative error in the slope ϵα dominates. For
α̅ > 1/2 the microparticle compressibility is negative, which is a
feature of meta-materials in transition states.35

■

RESULTS AND DISCUSSION
In this section, we (i) validate the method by performing
density and compressibility measurements of polymer microbeads, (ii) apply the method to diﬀerent cell populations that are
D
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Previously reported compressibility measurements7,23,36,37
were based on assumed density and/or size values, and no error
analysis was performed. By measuring the microparticle
compressibility decoupled from the density with the proposed
neutral-buoyant method, no assumptions regarding the value of
the density needed to be made. The sensitivity analysis further
proves the reliability and the robustness of the method with
respect to the most critical experimental step, which is the
microparticle density measurement by centrifugation and visual
determination of the buoyancy criterion.
Acoustic Properties of Human Cells. Figure 3 shows the
ﬁtting of eq 5 to the data obtained from the speed of sound

Figure 3. (a) Data points with error bars and regression lines for the
change in the relative speed of sound c̃ − 1 [%] as a function of the
particle volume fraction x for human cells: RBC, WBC, DU-145,
MCF-7, and LU-HNSCC-25. The dashed line is the reference slope
1
α̅ = 2 .

Figure 2. (a) Change in the relative speed of sound c̃ − 1 [%] as a
function of the particle volume fraction x [%] for polymer beads: PS 7
μm, MA and PMMA (error crosses). (b) Sensitivity factors eqs 10−12
for κp as a function of the average slope α̅. Vertical lines represent the
1
slopes for PS7 (blue) and PMMA (green), and the reference α̅ = 2
(black dashed). The shaded areas represent the three regimes where
the method is more sensitive to measurement of cf(red), ρf, ρp (gray),
and α (purple), respectively.

measurements of suspensions containing human cells (only
nonﬁxed data are shown for visual clarity). Note that for these
measurements the error crosses are larger than the cases of
polymer particles, furthermore some of the data, e.g., RBC,
show a systematic deviation from the linear interpolation.
These eﬀects are most likely due to the intrinsic biological
variability of the biological samples.
Table 2 lists the physical parameters for human cell lines
extracted from the experiments reported in Figure 3. We
observe that the slopes α̅ are between 2 and 10 times lower
than those obtained for the microbeads and listed in Table 1.
Therefore, the method works in a regime where the relative
error in the speed of sound plays the most important role in the
accuracy of the compressibility measurements. We note that for
small values of the slope α̅ , where relative error is large, eqs
10−12 lead to sακf → 0 and sρκfp → 1, which stabilizes the error in
the determination of the particle compressibility with respect to

Concerning the speciﬁc results, we note that the PMMA data
have been acquired under the worst operative conditions
because of the small particle diameter 2a = 3 μm. Nevertheless,
fairly accurate results are obtained since the estimated errors for
κp̅ and ρ̅p are small, ϵκp = 3.4%, and ϵρp = 1.4%. Furthermore,
we note that the measurements for PS5 microbeads should be
aﬀected more by the error on the microbead density compared
to PS7 because of their smaller radius, see eq 18. However, the
method performs in the regime α < 1/2, in which the error for
the microbead density is less important, and we achieved a
better estimate of the compressibility based on a more accurate
measurement of the slope α̅, since sκpcf and σcf are the same for
PS5 and PS7.

Table 1. List of the Values for the Best Fit Slopes, Neutral Buoyant Solution Properties, Suspended Particle Properties, and
Corresponding Reference Values for Polymer Particle Experimentsa
slope
sample
PS5
PS7
MA
PMMA

α̅ [−]
0.177(1)
0.175(3)
0.297(5)
0.274(2)

physical parameters
ρ̅f [kg/m3]
1058.5(1)
1059.6(1)
1504.7(1)
1185.7(1)

cf̅ [m/s]

κf̅ [TPa−1]

1493.2(5)
1493.1(5)
1480.0(5)
1485.8(5)

423.7(3)
423.3(3)
303.4(2)
382.0(3)

reference values
ρ̅p [kg/m3]
1058(6)
1059(3)
1500(1)
1184(17)

̅

p

κ[TPa−1]
273(2)
276(3)
124(3)
173(6)

ρ̅p [kg/m3]
1050−1060
1050−1060
1500−1510
1190−1200

κ[TPa−1]
̅
210−24023,29
210−24023,29
∼9013
N. A.
p

a
Polystyrene 5 μm (PS5), polystyrene 7 μm (PS7), melamine 10 μm (MA), and polymethylmethacrylate 3 μm (PMMA). The error on the last
signiﬁcant digit is in parentheses, 423.7(3) = 423.7 ± 0.3.
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Table 2. List of the Values for the Best Fit Slopes α, Neutral Buoyant Solution Properties (Subscript f), Suspended Particle
Properties (Subscript p), and Corresponding Reference Values for Human Cell Experimentsa
slope
sample
RBC
RBCfx
WBC
WBCfx
DU-145
DU-145fx
MCF-7
MCF-7fx
LU-HNSCC-25
LU-HNSCC-25fx

α̅ [−]
0.080(2)
0.058(1)
0.030(1)
0.026(1)
0.036(2)
0.026(1)
0.054(1)
0.036(1)
0.045(1)
0.023(1)

physical parameters
ρ̅f [kg/m ]
1102.9(1)
1100.9(6)
1055.7(1)
1046.1(1)
1064.7(4)
1037.3(1)
1056.6(1)
1037.3(1)
1062.8(1)
1041.7(1)
3

−1

cf̅ [m/s]

κf̅ [TPa ]

1510.2(5)
1510.1(5)
1506.4(5)
1505.9(5)
1507.2(5)
1505.9(5)
1507.0(5)
1506.4(5)
1507.0(5)
1506.3(5)

397.5(3)
398.3(3)
417.4(3)
421.5(3)
413.5(3)
425.1(3)
416.8(3)
424.8(3)
414.3(3)
423.1(3)

reference values
ρ̅p [kg/m ]
1101(13)
1091(14)
1054(3)
1045(3)
1062(1)
1036(1)
1055(1)
1035(1)
1061(1)
1040(1)
3

−1

κp̅ [TPa ]
334(2)
356(2)
393(1)
400(1)
384(1)
404(1)
373(1)
395(1)
377(3)
404(1)

ρ̅p [kg/m3]
1100
N. A.
N. A.
1019
N. A.
1018
1068
N. A.
N. A.
N. A.

κp̅ [TPa−1]
33027
N. A.
N. A.
39929
N. A.
42527
380−42223,38
N. A.
N. A.
N. A.

a

Red blood cells (RBC), white blood cells (WBC), prostate cancer cells (DU-145), breast cancer cells (MCF-7), and head and neck squamous
cancer cells (LU-HNSCC-25). Suﬃx “fx” denote a ﬁxed sample.

the acoustic parameters obtained by the method. The method
was validated by measuring the acoustic parameters of reference
polymer microbeads. Further, we have used the method to
determine the acoustic parameters for the most common cell
populations encountered in acoustophoretic applications. We
have discussed the experimental errors in the light of the
microparticle properties and demonstrated the robustness in
determining the compressibility by speed-of-sound measurements under the neutral-buoyancy condition, where the explicit
dependence of the density drops out. Speciﬁcally, we have
identiﬁed three compressibility/slope-dependent regimes in the
method sensitivity and a region α̅ ∼ 1/2 where the results can
be aﬀected by very large errors. Finally, we reconstructed the
acoustophoretic contrast factor and the relative error for
polymer beads in CsCl/water solutions and cells in PBS. The
proposed method allows for a consistent and fairly accurate
determination of the compressibility and density, and hence of
the acoustic scattering coeﬃcients, for cell populations.
These parameters are essential for predicting the feasibility of
cell manipulation by acoustophoresis and for calculating
optimal buﬀer conditions for maximum acoustophoretic
discrimination between two cell types.
This method is of value in broader areas beyond the
acoustoﬂuidics’ community, as various biomedical ﬁelds need a
robust and reproducible method to determine the acoustic
properties of diﬀerent cell types to deﬁne the preconditions
(e.g., calculating optimal buﬀer conditions) for performing
successful and optimized cell separation based on acoustophoresis, for example, separation of WBC subpopulations
(lymphocytes, monocytes, granulocytes), separation of RBCs
from WBCs, circulating tumor cells (CTCs) from blood, and
diﬀerentiated from undiﬀerentiated stem cells, and more. The
ability to optimize acoustophoretic separations will be useful for
enhancing the enrichment and puriﬁcation of cellular
prognostic biomarkers, e.g., CTCs from blood containing
RBCs and WBCs.

increasing relative errors for the smaller slope values. This
stabilization is conﬁrmed by data in Table 2, where for a broad
range of slopes (e.g., α̅ RBC = 0.080(2) and α̅ WBCf = 0.026(1))
the lower slopes feature relative errors larger than the steeper
slopes, but the particle compressibility has almost the same
accuracy. Note that the relative error for the compressibility
that we found using our measurement method ϵκf(MCF-7) ≈
2.7% is ∼3 times lower than that reported by,38 which is
ϵκf(MCF-7) ≈ 7.9%. We ascribe this reduction to the use of
ensemble averaging versus single-particle measurements and
the concurrent determination of density versus the use of a
predetermined value as in ref 38. In regards to the physical
parameters of nonﬁxed and ﬁxed cell samples, we observe that
ﬁxation lowers the density and increases the compressibility.
Finally, Table 3 reports the scattering coeﬃcients and the
acoustophoretic contrast factors and their errors for the
Table 3. Scattering Coeﬃcients f 0 and f1 and
Acoustophoretic Contrast Factor Φ0 for Cells in PBSa
sample

f0̅ [−]

f1̅ [−]

Φ̅ 0 [−]

RBC
RBCfx
WBC
WBCfx
DU-145
DU-145fx
MCF-7
MCF-7fx
LU-HNSCC-25
LU-HNSCC-25fx

0.236(9)
0.188(9)
0.103(1)
0.086(2)
0.122(3)
0.077(3)
0.149(3)
0.098(1)
0.139(7)
0.078(1)

0.060(5)
0.054(6)
0.033(1)
0.027(1)
0.038(1)
0.021(1)
0.032(1)
0.021(1)
0.037(1)
0.023(1)

0.327(7)
0.270(8)
0.152(2)
0.126(2)
0.178(3)
0.109(3)
0.198(3)
0.129(1)
0.194(7)
0.113(2)

a

Red blood cells (RBC), white blood cells (WBC), prostate cancer
cells (DU-145), breast cancer cells (MCF-7), and head and neck
squamous cancer cells (LU-HNSCC-25). Suﬃx “fx” denotes a ﬁxed
sample.

■

measured human cells in PBS (ρ̅f = 1004. 00(1) kg/m3 and
cf̅ = 1508.2(5) m/s).

■
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CONCLUSIONS
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