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Abstract High throughput single cell analysis based

on physical properties (such as morphology or mechan-

ics) is emerging as a powerful tool to inform clinical re-

search, with a great potential for translation towards di-

agnosis. Here we present a novel microfluidic approach

adopting acoustic waves to manipulate and mechani-

cally stimulate single cells, and interferometry to track

changes in the morphology and measure size, deforma-

bility, and refractive index of non-adherent cells. The

method is based on the integration within the acoustoflu-

idic channel of a low-finesse Fabry-Perot resonator, pro-

viding very high sensitivity and a speed potentially suit-

able to obtain the high throughput necessary to handle

the variability stemming from the biological diversity of

single cells. The proposed approach is applied to a set

of different samples: reference polystyrene beads, algae

and yeast. The results demonstrate the capability of

the acoustofluidic interferometric device to detect and

quantify optomechanical properties of single cells with

a throughput suitable to address label-free single cell

clinical analysis.
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1 Introduction

The mechanical properties of living cells have been demon-

strated to precisely convey information on their phys-

iological condition, reflecting with high accuracy gene

expression patterns [1]. As a direct consequence of this

connection, the mechanical properties of somatic cells

are expected to be a valuable proxy of the phenotype,

from very soft, neuronal cell types, to much stiffer,

bone and muscle ones [2]. Single cell mechanotyping

has proved to be effective in screening for specific cellu-

lar conditions [3] and to identify underlying patholog-

ical states in patients [4,5]. In addition, the refractive

index of cells and tissues has shown the potential for re-

laying information on the physio-pathological state of

biological samples, as it is influenced by the local pro-

tein density [6]. At the single cell level, this indicator is

particularly effective, and it has been adopted to follow

fine intracellular organelle dynamics [7] such as to spot

the presence of parasites infecting the cell [8].

Label-free physical indicators of the cellular pheno-

type, such as mechanics and the refractive index, hold

a great promise in the field of personalised medicine [9]

and of diagnosis based on single cell analysis [10]. Nev-

ertheless, only a tiny fraction of the proposed methods

have been translated towards the clinical research con-

text. The main bottleneck in this process is the low

analysis speed typical of standard high resolution sin-

gle cell techniques, and the need for a paradigm change

in the technology to achieve the high throughput re-
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Fig. 1 Elements of the AID. A microfluidic channel producing acoustic manipulation, together with a sketch of the Fabry-Perot
resonator used for cytometry. The upper microfluidic channel wall (wall 1) serves as an acoustic reflector and, in addition, as
one of the semi-reflective surfaces (mirror equivalent) of the Fabry-Perot interferometer. A piece of second surface mirror is
sandwiched between channel wall 2 and the piezoelectric transducer to complete the interferometer. Light is coupled into the
resonator using a microscope objective, also used to retrieve the interferometer fringe pattern with the imprinted, cell-induced
fringe perturbation. The piezoelectric transducer creates the acoustic waves (yellow to black gradient) to focus the cells (red
blood cells in the schematics) into a single motion plane.

quired to cope with the biological diversity [11]. High

throughput is normally achieved by means of microflu-

idics, where cells are driven through the analysis mod-

ule one by one at very high flow rates (up to 100-1000

cells/s) and in recent years high throughput label-free

cytometry devices have been proposed to access me-

chanical [12] or refractive index [13] information of sin-

gle cells.

In this contribution, we present an Acoustofluidic

Interferometric Device (AID) aimed at simultaneously

measuring single cell optical and mechanical properties

with high throughput. The AID is based on a microflu-

idic chip where acoustic standing waves are used to first

levitate, then squeeze [14] single cells in the channel

[15] to probe their mechanical properties. Moreover, we

integrated a Fabry-Perot interferometer into the same

channel, so that the deformation and size of the cells can

be precisely monitored in real-time through the opti-

cal fringe changes, thereby collecting a signal that inte-

grates information on the cell’s physical (deformation)

and optical (refractive index) properties.

2 Materials and methods

The AID is endowed with a cell acoustic manipulation

system (see Fig. 1). For this purpose, the microfluidic

channel is equipped with a piezoelectric transducer that

allows for cell acoustic focusing and deformation. When
the acoustic standing wave is active, the focused cells

move at constant speed in the plane of the acoustic field

pressure node. Flowing along the channel, the cells tra-

verse the region illuminated by the laser, which forms a

plano-planar Fabry-Perot interferometer, and perturb

its interference pattern (cf. Fig. 2). The interferome-

ter’s fringe pattern - in the presence or in the absence

of a cell - is retrieved through the same microscope

objective used to couple light into the resonator. The

retroreflected light is then redirected towards the detec-

tion unit (cf. Fig. 3), where the fringe pattern is pro-

cessed to retrieve the Finesse and the Cell Focal Length

(CFL), parameters related to the Young modulus and

to the Refractive Index (RI), as detailed in the Supple-

mentary Material.

When an acoustically focussed cell crosses the AID’s

Fabry-Perot cavity it perturbs the resonator fringe pat-

tern (mathematically described by the Airy transmis-

sion function) [16,17]. We have identified two types of
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Fig. 2 Panel (a): Yeast cell (yellow arrow) crossing the res-
onator off-axis, thus weakly interacting with the background
fringe pattern. Panel (b): Yeast-induced strong perturbation
of the fringe pattern (same cell pointed in panel (a)), due to
cell positioning on the resonator’s axis. The fringe pattern
of the low finesse Fabry-Perot resonator is recognizable in
the background of both panels. The distance from the cen-
ter to the n-th intensity fringe is identified by the parameter
ρn. Panel (c): The intensity profile of the image plotted over
the radial line (blue line) shown in panel (b). The intensity
profiles are used to retrieve the parameters ρ, FSR and the
FWHM used to asses the cell optomechanical properties.

cell-induced perturbations: strong and weak. The first

occurs when the cell crosses the optical resonator’s axis,

while the second takes place when the cell crosses any

other portion of the resonator (cf. Figs. 2 panel (a) and

(b)). Since the strong perturbations are better defined

and easier to observe, we concentrate on this choice and

report on the strong Cell-induced Fringe Pattern Per-

turbations (CFPP) analyzed by means of the Finesse

and CFL parameters.

2.1 Finesse

The Finesse F , eq. (1), is the ratio between the Free

Spectral Range (FSR) and the Full Width at Half Max-

imum (FWHM) of the CFPP (cf. Fig. 2 (c)). This is

an important parameter emerging from the mathemat-

ical expression for the resonator’s transmitted irradi-

ance defined by the so-called Airy transmission function

[18]. Notably, the Finesse is also related to the reflec-

tion coefficients of the reflective surfaces that form the

Fabry-Perot cavity [17].

F =
FRS

FWHM
. (1)

2.2 Cell Focal Length

The CFPP can be modeled as a modification of the

Fabry-Perot’s resonator fringe pattern induced by a

thin lens [15] (cf. Supplementary Material). The mathe-

matical model used to describe the cell-resonator inter-

action is developed using propagation ray-matrices and

is based on the ρ parameter (cf. Fig. 2 (b)). The distance

from the center to a bright fringe is ρn while the next

bright fringe distance is ρn+1. These distances are used

to compute the radius of curvature of the wavefront ex-

iting the resonator (cf. Supplementary Material) which

interferes with the incoming laser beam focussed by the

microscope objective (cf. Fig. 1). Since the cell is mod-

elled as a thin lens, it is possible to associate a focal

length to the cell (cf. Supplementary Material). The

CFL and the Finesse (based on FWHM and FSR) are

the parameters used to summarize and analyze the cell

optomechanical properties. The interferogram analysis

used to retrieve the Finesse and CFL from the CFPP

is also applicable to the intrinsic fringe pattern of the

resonator without cells. Moreover, the results reported

in section 3 relates only to the Finesse and CFL of the

CFPP since these parameters allows for cells’ optome-

chanical properties retrieval.

2.3 AID construction details

The microfluidic chip used in this work is an acous-

tic planar half-wave resonator constructed in a similar

manner to our previous work, but with a revised se-

quence of layer thicknesses to support a thinner chan-
nel height. [19,20]. A 5mm wide channel was laser-cut

into a single layer of double-sided adhesive transfer tape

sheet (106 µm thick 468MP, 3M, USA). The 35 × 50

mm transfer tape was sandwiched between two micro-

scope cover slips (170 µm thick, 25 × 75 mm, 0CON-

161, Logitech, Glasgow, UK) to create the microfluidic

channel walls; a second surface, fully reflecting mirror (

35 × 50 mm and 4 mm thickness, edmund optics, UK)

is attached to the back microscope cover slip. Access

holes (diameter 1 mm) to the microchannel are drilled

at both ends of the channel (see Fig. 1 and [19]).

Under a portion of the fluid channel, a piezoelec-

tric transducer of lead zirconate titanate (PZ-26, Fer-

roperm, Kvistgaard, Denmark) is attached with epoxy

(Epotek-301, Epoxy Technology, Inc., USA). The trans-

ducer is (1mm x 25mm x 35mm) in size, and a wrap-

around electrode is created on the top surface to allow

electrical contact to both sides using conductive silver

paint (SCP Silver Conductive Paint, Electrolube Ltd.,
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UK).

A Direct Digital Synthesizer (DDS) AD9850 drives

the piezoelectric transducer and is controlled by a Rasp-

berry Pi 3 in conjunction with a custom-built ampli-

fier based on a high-frequency op-amp (LT1210). The

driving frequency is tuned to the microfluidic’s chan-

nel fundamental acoustic mode resonance (6.682 MHz)

with amplitude 15 Vpp for acoustic focussing, and 25

Vpp for cell deformation.

At the air-wall interface (channel wall 1 in Fig. 1)

the intensity reflection coefficient is r1 = 0.04, while at

the back mirror we have r2 = 0.9, leading to a co-

efficient of finesse F = 0.15 and to a Finesse F =

0.6. This value is quite low (F ranges at least above

10, and often over 100 in common interferometers),

whence the identification “low-Finesse” for our device.

The low-Finesse configuration, provided by the large-

gap Fabry-Perot interferometer (channel width L much

larger than the cell diameter ℓ: L ≥ 10 × ℓ), has been

chosen for its high throughput potential in optomechan-

ical properties-based cytometry. Indeed, it offers bet-

ter flexibility for the integration of the cells’ acoustic

manipulation. In contrast, high-Finesse configurations

require a holder for correctly positioning the cell in-

side the resonant cavity [21] . A high-Finesse configura-

tion is incompatible with high throughput, in addition

to presenting difficulties in the implementation of the

acoustic focusing. In fact, a fringe shift measurement re-

quires high stability at the interferometric level, neces-

sitating, on the one hand, continuous calibration (e.g.,

for changes in pressure inside the microfluidic chan-

nel) and, on the other hand, excellent overall mechan-

ical stability. These requirements render the choice of

a high-Finesse configuration impractical for an instru-

ment whose vocation is flexibility and ease of use.

A simple hydrostatic pressure system is created us-

ing a pair of 10 ml tubing-connected syringes to induce

and control the flow inside the microfluidic channel.

This system permits the generation of pressure values

between 100 and 3000 Pa, thus inducing cell speeds in

the range vc = 50−180 µm/s. The most common oper-

ation values used in experiments are around 16 µl/min

for the flow rate, i.e., an equivalent speed of vc = 60

µm/s.

2.4 Detection unit

A Thorlabs non-polarizing beamsplitter (BSN10 – op-

tical Anti-Reflection coating: 400-700 nm), is used in

combination with the microscope objective (20X, Nikon

Fig. 3 A He-Ne laser use used as a light source for the mi-
crofluidic chip. The laser beam is directed to the microscope
objective through beamsplitter BS1 and two steering mirrors
and is coupled into the resonator by the microscope objec-
tive. The reflected Fabry-Perot fringe pattern is retrieved by
the (infinite conjugate) objective and directed, through the
same steering mirrors and additional beamsplitters, to the
two photodiode detectrs (UDT-455)and to the CCD camera
for data analysis.

CFI Plan Fluor) to couple light into the acoustofluidic

channel and to retrieve the fringe pattern with or with-

out the perturbation caused by the cell (Fig. 3). The

He-Ne laser (Thorlabs, HNLS008L-EC) beam carrying

the CFPP is directed onto a CCD: an acA1600-20gm

Basler camera with 12-bit resolution and a sensor of di-

mensions 1626 px × 1236 px. The pixel size is 4.4 µm

× 4.4 µm. In addition, the Resonator Fringe Pattern

(RFP) carrying laser beam is split into two branches

using two beamsplitters (BS) and directed to two UDT-

455 (OSI Optoelectronics) photodiodes as shown in Fig

3.

It is worth noticing that the spot size of the laser

beam focussed by the microscope objective at the first

surface of the Fabry-Perot resonator is ≈ 4µm. The

small spot size enables the use of inexpensive parts such

as a second surface mirror and a coverslip to create

the Fabry-Perot resonator. Such low optical quality el-

ements could not produce a good fringe pattern even in

low Finesse systems if the laser beam were broad.

The two diode detectors are aligned to detect the

fringe pattern perturbation at two different points along

the cell path inside the microfluidic channel, allowing

for cell speed measurement. The one-dimensional na-

ture of the time traces acquired with the photodiode

detector is suitable for real-time analysis. At the same

time, the 2D camera images are useful for CFPP sta-
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tistical analysis and for acoustophoretic plane identifi-

cation.

2.5 Samples

The samples used to test the AID operation are algae

(Tetraselmis sp.), yeast (Saccharomyces cerevisiae) and

polystyrene beads with diameter dp = 3 µm purchased

from Polysciences Inc. The algae have neither a peculiar

cell membrane nor a particular cytoskeleton structure,

thus are expected to be quite elastically compliant [22].

The cell wall’s Young modulus (E) for yeast is (E ≈
112±6) MPa [23], while its value for the whole cell is

expected to be in the kPa range. The Young modulus of

the polystyrene beads is E = 3.25 GPa [24]. Based on

the respective Young’s moduli, we can rank our samples

in the following order (from the most to the least elas-

tically compliant): algae, yeast, and polystyrene beads.

This order matches the results of our observations, as

we see in the following section.

2.6 Experimental procedure

In order to demonstrate the working principle behind

the AID it is operated at low throughput to obtain

the CFPP images of the levitated and acoustically de-

formed cells as follows: 1. the flow inside the microflu-

idic channel is stopped when a cell is aligned with the

resonator’s axis (while acoustically focussed); 2. the in-

terference pattern resulting from the immobile and levi-

tated cell is then acquired, obtaining the information in
the absence of deformation (Fig. 4 (a)); 3. the acoustic

wave’s amplitude is increased to induce a cell defor-

mation and a new image of the interference pattern is

acquired (Fig. 4 (b)). The cycle is repeated to obtain

20 pairs of patterns for each cell (or polystyrene bead)

in the absence and in the presence of deformation.

The primary acoustic field is predicted to be of or-

der 500 kP a, with associated (oscillating) acoustic dis-

placements of a few nm. These displacements are thus

small (and insignificant) in comparison to the cell de-

formation likely to be created from the non-zero time

averaged acoustic radiation force. In our previous work

(albeit in a different system with higher pressure am-

plitudes) [14] these were of order 15 kPa, and resulted

in cell wall displacements of a few µm.

The images captured with the CCD are analysed by

converting each image in a set of 360 intensity profiles

obtained by taking radial cuts every degree, similar to

the one displayed in Fig. 2 (c). In order to do so, the

Fig. 4 Example of the images used to retrieve the ρ, Finesse,
and FWHM for the AID analysis. Panel (a): Algae cell acous-
tically levitated. Panel (b): cell acoustically levitated and de-
formed. By direct comparison it is not possible to establish
an optical difference nor to identify which one is the image
that corresponded to the acoustic deformation. Only through
the AID analysis it is possible to retrieve the optomechanical
information present in panels (a) and (b), as shown in the
results.

images are converted to polar coordinates to obtain the

360 independent intensity radial cuts through the im-

age. Then, the profiles are computationally analyzed to

obtain the parameters: ρ, FWHM, and FSR. An out-

lier elimination procedure is implemented to improve

the normality of our dataset [15]. The statistical signif-

icance of the resulting estimates is analyzed with Stu-

dent’s T-test [25]. Finally, a weighted average (with the

standard deviation of the parameters as a weight) of ρ,

FWHM and Finesse, and the CFL is computed. The

corresponding results are shown in Fig. 5.

3 Results and discussion

Results show an acoustically-induced cell deformation

for yeast and algae. A matching reduction in Finesse
and CFL values is also observed. The polystyrene beads,

instead, do not present a significant deformation, as ex-

pected, given that their Young’s modulus is approxi-

mately five orders of magnitude larger.

The CFL computation mainly depends on the opti-

cal thickness of the cell inside the FP resonator while

the Finesse is also sensitive to the global stability of

the cell-resonator ensemble. The latter changes as the

cell shape does, thus engendering a more complex de-

pendence between cell deformation and Finesse. Hence,

while both parameters will provide information about

Young’s modulus, refractive index and cell shape (op-

tomechanical properties), the CFL gives a more readily

interpretable result (cf. Supplementary Material).

The more direct dependence of the CFL on cell fea-

tures is the likely source of the better statistical sig-

nificance obtained from the CFL, even though a qual-

itative agreement between expected deformability and
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Fig. 5 Effect of acoustic pressure on samples with different optomechanical properties measured with the Finesse and CFL
parameters. (a) Finesse values for tetraselmis (algae), Saccharomyces cerevisiae (yeast), and polystyrene beads 3 µm diameter.
(b) CFL values for tetraselmis (algae), Saccharomyces cerevisiae (yeast), and polystyrene beads 3 µm diameter. Gray bars
represents acoustic focusing, while blue bars display the results for acoustic deformation. The asterisks in the plots indicate
the statistical significance as follow: ∗∗∗∗ P< .0001, ∗∗∗ P< .001, ∗∗ P< .05 and ∗ P> .1. The P-scores were computed from
the samples T-test results.

interferometric characterization of the measured sam-

ples is obtained for both parameters.

It is worth noticing that the theoretical model im-

plies two solutions for the CFL (cf. Supplementary Ma-

terial eqs. (31) and (32)). The question arises as to

whether the negative sign for the lens focal length is jus-

tified in 5 (b). Here, we have to keep in mind that due

to the very low cavity Finesse, we are not modelling (or

even using) a true Fabry-Perot resonator but, rather,

a two-beam interferometer (low-Finesse resonator, cf.

section 2.3). Thus, the presence of the cell, through the

increase in optical path length, increases the distance

from which the image of the incoming beam is seen,

mimicking the effect of a negative (divergent) lens. The

sign is therefore consistent with expectations.

Finally, it is important to remark that the value of

the CFL of the polystyrene microspheres should not be

interpreted as a true focal length, matching the bead’s

refraction, but rather as a general indicator to be used

for comparison between the focussing and deformation

conditions. The reason for this resides in the material’s

index of refraction – much larger than the one of the

surrounding medium, at variance with all cells –, which

leads to a thick lens with very short focal length, violat-

ing the conditions for the model. Our choice of using,

nonetheless, the thin lens model for these data stems

from the need for treatment consistency. Thus, the re-

sults for the microspheres hold significance in the com-

parison between the low and high pressure: the lack of

statistical difference between the two cases is the proof

for the non-deformability of the microspheres and for

the ability of the system to detect this fact, even though

the mathematical conditions for the parameter recon-

struction are not met.

4 Conclusions

Here we presented a novel acoustofluidic cytometry de-

vice integrating a low-Finesse Fabry-Perot resonator,

the AID. The Finesse of the cavity and the reconstructed

Cell Focal Length convey information on the physical

properties of the cell, such as the mechanical properties,

the refractive index and the shape. This instruments

is capable of detecting deformations in the cell shape

when acoustic pressure is applied with a resolution not

achievable with a standard imaging approach (see Fig.

4). Therefore, the AID enables the high throughput

measurement of the mechanical properties of cells in a

regime of low deformations, closer to physiological stim-

uli, and not accessible to existing mechanical cytometry

techniques.

The results of Fig. 5 demonstrate the utility of the

thin-lens approach. A quantitative match between mea-

sured focal lengths and cell deformation state will be

addressed in future work. For this purpose, a new in-

strumental design is being developed to permit the ac-

quisition of very large amounts of data for statistical

analysis. We also foresee that a line-focused resonator

will allow better alignment between the laser spot and

the cells.

The proposed AID device offers a novel perspective

on the physical phenotyping of single cells, where me-
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chanics is one aspect, but a more detailed - possibly

AI-driven - analysis of the complex deformation of the

optical cavity induced by the passage of the cell is ex-

pected to provide additional and more specific informa-

tion. The potential of the technique, together with the

limited manufacturing cost, sets the AID as a promising

approach for next generation high throughput single-

cell physical cytometry, with applications in basic re-

search and medical diagnosis.
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