
Research Article Vol. 15, No. 10 / 1 Oct 2024 / Biomedical Optics Express 6024

Stimulated Brillouin scattering flow cytometry

JAKE R. ROSVOLD,1 GIULIA ZANINI,1 CHENCHEN HANDLER,2

ERIC FRANK,1 JIARUI LI,1 MICHELE I. VITOLO,3,4 STUART S.
MARTIN,3,4 AND GIULIANO SCARCELLI1,*

1Fischell Department of Bioengineering, University of Maryland, 8278 Paint Branch Drive, College Park,
MD 20742, USA
2Department of Mechanical Engineering, A. James Clark School of Engineering, University of Maryland,
College Park, MD 20742, USA
3Department of Pharmacology, University of Maryland School of Medicine, Baltimore, MD, USA
4Marlene and Stewart Greenbaum Comprehensive Cancer Center, University of Maryland School of
Medicine, Baltimore, MD 21201, USA
*scarc@umd.edu

Abstract: We present the use of stimulated Brillouin scattering spectroscopy to achieve rapid
measurements of cell biomechanics in a flow cytometer setup. Specifically, our stimulated
Brillouin scattering flow cytometry can acquire at a rate of 200 Hz, with a spectral acquisition time
of 5 ms, which marks a 10x improvement compared to previous demonstrations of spontaneous
Brillouin scattering flow cytometry. We experimentally validate our stimulated Brillouin
scattering flow cytometer by measuring cell populations of normal breast epithelial cells and
metastatic breast epithelial cancer cells.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cells are complex machines that sense and respond to their environmental cues, thus making
their biomechanical behavior an important process to study. The mechanical interactions they
experience can alter cellular functions, i.e. migration tendencies [1,2], cell proliferation [3], and
gene expression [4], as well as affecting morphogenesis [5] and metastasis [6]. In recent years,
biomechanics has been shown to be a critical player with respect to the progression of cancer
[7–9]. Consequently, there have been numerous methods developed to extract biomechanical
markers, specifically elastic modulus, on the cellular level: atomic force microscopy (AFM) [10],
micropipette aspiration [11], microrheology [12], and deformable microbeads [13] to name a few.
While these methods have uncovered a plethora of information and have gained great interest in
the field, all these instruments either require contact, are significantly invasive, or only gather
global mechanical information from the samples.

This evidence unveils an interesting relationship: that there is a clear tradeoff between how much
mechanical information can be ascertained using a given modality and its respective measurement
throughput [14]. To give a specific example, cell deformability-based methods, such as using
optical stretcher [15] and adding acoustic pressure [16] which only access whole cell mechanical
signatures, have begun to be integrated with flow cytometry [17–19] thus achieving measurements
of >1000 cells per experiment, but critically lack the resolution to illustrate subcellular structures
like the cell nucleus. Ideally, a system would exist with subcellular resolutions to analyze vast
biomechanical information while also having high measurement throughput. To address this gap
in the field, spontaneous Brillouin scattering was proposed in combination with a flow cytometry
scheme [20,21], but lacked the spectral acquisition speeds to truly be considered ‘high throughput’
as it could only measure ∼200 cells per hour. Another time-domain Brillouin microscopy-based
cytometry applied impulsive stimulated Brillouin scattering to microfluidic channel [22], with
single-shot pump pulses, CW probe, and time-domain detection, but only application in liquid
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samples was shown because of low spatial resolution, high pump power and long exposure time
(∼50 ms). As such, there is a need to speed up spectral acquisitions to make Brillouin microscopy
more suitable for high throughput measurements of large-scale mechanical phenotyping and to fill
the gap in the field of biomechanical analysis, breaking free of the tradeoff between measurement
throughput and mechanical information content from which current instruments suffer.

Brillouin microscopy is unique among other mechanical characterizations in its all optical
(non-contact and label-free) ability to use the Brillouin-extracted storage modulus (M′) as
a contrast mechanism for probing cell mechanics [23–25]. While, as previously mentioned,
spontaneous Brillouin scattering has been demonstrated in a flow cytometry scheme, the reliance
of this method on the inefficient scattering method ultimately limited throughput on the basis
of the sampling rate of the spectrometer (∼50 ms) in order to reach ∼10 MHz precision for
highly-sensitive measurements. While lower measurement times have been achieved (∼20 ms) in
conjunction with confocal microscopy [26,27], spontaneous Brillouin scattering has essentially
reached its fundamental limit in biological samples. As such, there is need to speed up spectral
acquisitions to make Brillouin microscopy more suitable for higher throughput measurements of
large-scale mechanical phenotyping with speeds more in line with the prior art [19,28].

The use of stimulated Brillouin scattering (SBS) in microscopy applications began with
continuous wave (CW) lasers for both pump and probe counterpropagating beams, which has
been demonstrated in liquids (∼2-5 ms) [29–31] and C. elegans (∼20 ms) [32] with modest
acquisition times and similar signal-to-noise ratios compared to spontaneous Brillouin methods.
For SBS, the frequency difference between the external light beams is known a priori and is
tuned to efficiently drive the coupling between acoustical and optical waves. As the frequency
difference between the pump (νpump) and probe (νprobe) is tuned near the phonon frequency,
the scattered light acquires a Lorentzian distribution of frequency shift centered at νB with a
linewidth of ΓB where the linewidth of the gain spectrum is related to the lifetime of the acoustic
wave (τp = Γ−1

B ). Experimentally, we can ascertain the SBS signal from the gain observed in the
transmitted probe beam.

Since Brillouin light scattering is inherently a non-contact, non-perturbative approach, it is
particularly suitable for measurements where cells cannot be easily accessed such as within
microfluidic channels. Furthermore, with the nonlinear interaction utilized in SBS, the process
has a much stronger Brillouin signal available; therefore, resulting in faster possible spectral
acquisition. This speed-up can be leveraged specifically in the flow cytometry application where
acquisition time is directly correlated with overall throughput of the system. Moreover, the
spectral resolution of SBS microscopy is higher than that of spontaneous Brillouin microscopy
since the system is not based on spectrally dispersive elements (∼500 MHz resolution) but rather
on laser interactions (∼100kHz resolution). In this manner, we aim to take advantage of the ability
to, at high throughput, probe the mechanical signatures of two cell populations: a genetically
stable, nontumorigenic epithelial breast cell line (MCF10A), and metastatic breast epithelial
cancer cells (MDA-MB-231), an invasive breast cancer cell line. It has been shown, using AFM,
that metastatic cells are generally softer than normal, healthy cells [33]. This has been confirmed
with other techniques that provide mechanotyping but are limited in that they either require direct
contact with the cells [34] or perturb the cell [35] in order to gain the mechanical information
and must grow the cells on flat substrates, that are typically much stiffer than physiological tissue
stiffness. In this work, we will demonstrate the ability of a state-of-the-art CW SBS spectrometer
to directly measure the cell signatures of these two cell lines in a flow cytometry system with
high throughput. We found a higher Brillouin shift of the nontumorigenic MCF10A cell line as
compared to the metastatic MDA-MB-231.
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2. Theory

Unlike its spontaneous counterpart, stimulated Brillouin scattering leverages a nonlinear resonant
effect between optical light waves and acoustic phonons. A stimulated Brillouin scattering event
is the result of fluctuations coming from the presence of an external light field and manifests
as a nonlinear interaction between the pump and Stokes fields via a moving acoustic wave.
The nonlinear exponential growth achieved in the Stokes wave is what enables SBS to have
much higher efficiency than spontaneous Brillouin. Two counterpropagating fields, pump and
probe, beat together and generate a moving acoustic wave through electrostriction. The material
undergoes changes in optical properties, namely refractive index, that cause scattering of the
pump light. It can be understood as creating a moving Bragg grating in the medium at the
acoustic velocity (νs). The frequency of the scattered light is subsequently downshifted due to the
Doppler shift of the traveling acoustic phonon. By design, the resultant frequency matches that
of the probe beam and will combine to generate more acoustic phonons which in turn generate
more scattering and so on. For our purposes, operating in an SBS amplifier configuration, the
frequency difference between the external light fields is known a priori and is tuned to efficiently
drive the coupling between acoustic and optical waves [36].

∆ν = |νpump − νprobe | (1)

As the frequency difference between the pump (νpump) and probe (νprobe) is tuned near the
phonon frequency, the scattered light acquires a Lorentzian distribution of frequency shift
centered at νB with a linewidth of ΓB. Where these quantities can be described as the following:

νB =
2n
c

vsν sin
(︃
θ

2

)︃
(2)

2πΓB = 4π2
(︃
2n
c
ν

)︃
Γ′ (3)

where n is the refractive index, νs is the speed of sound, c is the speed of light, ν is the photon
frequency, θ is the scattering angle, and Γ′ is the damping parameter. The linewidth of the gain
spectrum is inversely proportional to the lifetime of the acoustic wave (τp = Γ−1

B ). Since the
measured Brillouin frequency shift is related to the speed of sound in the material, Brillouin
spectroscopy probes the local longitudinal modulus of the material [37]. From Eq. (2), the
Brillouin shift is proportional to the longitudinal modulus by: νs =

√︁
M′/ρ, where ρ is the density

and M′ is the real part of the complex longitudinal modulus which is expressed as M = M′ + iM′′.
In solid materials, the longitudinal modulus is the uniaxial stress-strain ratio at frequency νB, thus
νB ∝

√
M′. The Brillouin linewidth is related to the imaginary part of the complex longitudinal

modulus ΓB ∝ M′′. As such, Brillouin measurements extract the mechanical information of the
material and an empirical relationship between the real part of the complex longitudinal modulus
(M′) and the more widely measured Young’s modulus (E′) has been shown in biological samples
previously [23,38,39]. Experimentally, we can ascertain the SBS signal from the gain observed
in the transmitted probe beam.

G(∆ν) =
∆Iprobe(∆ν)

Iprobe
= g(∆ν)IpumpL (4a)

g(∆ν) = g0
(ΓB/2)2

(∆ν − νB)2 + (ΓB/2)2
(4b)

g0 =
4πγ2

e ν
3

c4ρνBΓB
(4c)

The gain in the transmitted probe beam, as shown in Eq. (4a), is related to the intensity of
the pump (Ipump), the interaction length (L), and the Lorentzian shaped gain factor. The peak
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value of the Brillouin gain factor occurs at νB and is also known as the line-center gain factor (g0)
which depends on a number of material properties such as the electrostrictive constant (γe) and
the mass density (ρ).

3. Methods

3.1. Experimental configuration and acquisition

As an example, to illustrate how Brillouin microscopy can be used to investigate the mechanical
properties of suspended cells in flow, we built a high-speed Brillouin flow cytometer, see Fig. 1(a),
based on our state-of-the-art CW SBS microscope [31]. In this case, a 1 MHz amplitude
modulated CW pump laser (νpump) illuminates the sample from below while a counterpropagating
CW probe (νprobe) is focused from above. Using the known frequency difference between the
pump and probe, we can extract the peak position through Lorentzian least-square fitting of
the measured spectra. The acquisition time of each measured spectra is 5 ms. Figure 1(b) is
a widefield image of our flow cytometry measurements in a 50µm× 50µm straight polymethyl
methacrylate (PMMA) microfluidic channel (microfluidic ChipShop, GmbH). A syringe pump is
connected to the channel and controls the flow rate of the cells suspended in a 10% OptiPrep
medium. We experimentally determined that this concentration of density gradient medium
resulted in the best conditions for flow with albeit moderate clumping of cells in flow. As
the cells flow through the channel, we take continuous Brillouin spectra measurements. Both
the pump and probe are focused through a 20x objective lens with an NA of 0.45 (Olympus,
LUCPlanFLN). We co-located our widefield camera to focus inside the microfluidic channel
for a better alignment with the SBS spectrometer. When a cell passes through the interaction
region of the pump and probe beams, we collect the Brillouin signal of the cell. Figure 1(c)
shows the distribution of the number of points collected per cell where the cell diameter is
roughly 20µm. On average, we obtain ∼4-5 points per cell which is dependent on a number of
factors namely: laser power, cells size, the position of the cell in the channel, and the relative
speed of the cell. An important tradeoff between operating parameters arises because low flow
rates and high laser power can provide more points per cell and higher precision but induce the
risk of optical trapping. As a result, we experimentally determined what flow rate and input
laser power would avoid optical trapping and provide enough points per cell at high precision.
It should be noted that using a sheath flow configuration would result in less spread in the
distribution of points per cell as a larger number of cells would flow through the center of the
channel and consequently the focus of the counterpropagating laser beams. However, a previous
demonstration of spontaneous Brillouin flow cytometry validated that obtaining ∼4-5 points per
cell was sufficient to recapitulate the cell population in flow compared with 2D Brillouin images
[21]. In Figs. 1(d) and 1(e), an experimental example of the acquired water and cell spectra are
shown respectively. The frequency shift is determined via Lorentzian least-square fitting of the
data.

3.2. Experimental setup

Our CW SBS spectrometer (see Supplement 1) uses two CW single-frequency, tunable lasers at
780 nm with low-noise (∼100kHz linewidth) that feed the probe (Toptica DL pro) and pump
(Toptica TA pro) arms. Along the pump path, the frequency is locked to an 85Rb absorption
in rubidium atom D2 line using a vapor-based locking module paired with two Bragg gratings
(Optigrate BP-780) that reject (∼15 dB) extraneous noise. Then the pump is intensity modulated
using an acousto-optic modulator (AOM, AOMO 3080-125, Crystal Technologies) at 1 MHz.
The AOM is driven by a function generator that also provides the lock-in amplifier (LIA,
Zurich Instruments UHF) with a reference signal used for demodulation of the detected signal.
Meanwhile, on the probe path, the beam is constantly being scanned around the acoustic wave

https://doi.org/10.6084/m9.figshare.26966365
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Fig. 1. (a) Simplified schematic of the experimental setup used in this work. The inset sketch shows a magnified 
Fig. 1. (a) Simplified schematic of the experimental setup used in this work. The inset
sketch shows a magnified top-view of the microfluidic channel. (b) Widefield image of
cells flowing through the microfluidic channel. Yellow dot represents the laser interaction
region with red dots representing example sampling points. (c) Distribution of the number
of sampled points per cell over a typical experiment. Experimentally attained Brillouin
spectra of (d) medium and (e) the cell at experimental conditions.

resonance by sweeping the piezo voltage of the laser and is ultimately the transmitted beam that
is detected by the amplified photodetector (Thorlabs PDA36A2). Once detected, the signal is
split with a bias tee (MiniCircuits ZFBT-4R2GW+) into DC and AC signals. The DC is used to
monitor the baseline probe signal level whereas the AC is sent to the LIA, who is referenced by
the pump modulation frequency, to extract the amplified Brillouin signal from the high probe
background level. Background modulated pump stray light is reduced by using the combination
of a spatial filter and a hot 85Rb vapor cell (Precision Glassblowing) before the photodetector.
The beam frequency between the pump and probe beams is monitored by a signal analyzer
(Keysight N9000B) which provides the frequency axis component of the extracted SBS spectra.
A fast data acquisition card (DAQ) is used to synchronize the frequency sweeping signal of probe
and detected signals from LIA and send data to a Labview program. Brillouin spectra are then
fitted with a Lorentzian function using a home-built MATLAB script.

4. Flow cytometer characterization

4.1. Stimulated Brillouin scattering system performance

Figures 2(a) and 2(b) show the shot noise limited operation of our system down to 5 ms acquisition
time taken at experimental conditions of 150 mW of pump average power and 18 mW of probe
average power. Regarding potential cell damage, it has been shown that keeping the total (pump
and probe) average power below ∼200 mW and the peak power below ∼2W avoids both thermal
and ablation damage in biological samples [26,32]. Our experimental condition of 168 mW total
average power is below that and would avoid cell damage. To acquire the Brillouin spectra, the
probe frequency, tuned by sweeping the piezo voltage of the laser, is scanned (at 400 GHz/s)
over a 2 GHz range (from ∼4 GHz to ∼6 GHz) for experiments of water and cells. For proper
Nyquist sampling, the read rate of the DAQ was set to be greater than twice the bandwidth of
the lock-in amplifier. For the data shown below, 100 samples of water spectra were acquired in
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a 50µm× 50µm straight microfluidic channel, and each spectrum was fit with a Lorentzian to
estimate the Brillouin shift and linewidth. The frequency precision (δνB) is then defined as the
standard deviation of the Brillouin shift estimates over the 100 spectra acquired. As expected, our
frequency precision measurements follow a Gaussian distribution as seen in Fig. 2(b). We achieve
∼7.5 MHz precision at our experimental conditions which is known to give high-quality Brillouin
measurements for cells. At our shortest exposure condition, 5 ms, we are capable of ∼7.5 MHz
precision meaning we could theoretically run shorter exposure while still maintaining the 10
MHz precision limit; however, our system is technically limited by the scanning mechanisms
of the probe laser, i.e. the piezo inside the probe laser module. To reach the ultimate scanning
speed, an external scanning module would have to be used; either an acousto-optic modulator
(AOM) or an electro-optic modulator (EOM).

𝛿𝜈𝐵Fig. 2. Experimental data of water to demonstrate system performance. (a) Shift precision
(δνB ) for 100 spectra of water in the 50µm× 50µm straight microfluidic channel with typical
measurement conditions while varying acquisition time. Pump and probe average powers
were held constant at 150 mW and 18 mW respectively. Dashed line represents linear fit of
the data. Error bars are the standard deviation over the 100 acquisitions. (b) Distribution of
the 100 Brillouin shifts fit with a Gaussian.

4.2. Throughput capability

To estimate our SBS flow cytometer speed capabilities we consider a representative measurement
segment (∼10s in length) as shown in Fig. 3. This measurement segment is one of many taken
over the course of a measurement trial and contains the Lorentzian-fit Brillouin shifts recorded in
a small time window as cells flow through the Brillouin interaction region in the microfluidic
channel. As our home-built LabView program is continuously acquiring the Brillouin signal,
the measurement segments collect signatures from both the medium and cells which are later
analyzed by our post-processing procedure. Figure 3 demonstrates that, at our experimental
conditions of 5 ms spectral time with the measurement segment window of ∼10s, we are capable
of collecting the information of the 3 unique cells. Between 0-2 s in the window there are no
cells passing through the interaction region therefore we can extrapolate from experimental data
that our SBS flow cytometer throughput is 3 cells per 8s or 0.375 cells per second.

It should be noted that theoretically our throughput could be much higher given our measurement
rate of 200 Hz. Our flow cytometer is mainly limited by nonoptimal flow conditions. For
example, the clumping of cells reduces the cell flow rate over the course of the measurement
trial and employing sheath flow and hydrodynamic focusing [40–43] or droplet microfluidics
[44–47] could greatly increase the number of cells passing through the Brillouin interaction
region. Assuming adequate control of the relative spacing between consecutive cells, ∼5pts per
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Fig. 3. Demonstration of individual measurement segment. Segment of continuously
acquired Brillouin shift data as 3 cells flow across the Brillouin interaction region. Total time
of measurement segment is ∼10s. Circles represent individual 5 ms spectral measurements
where blue circles are measurements of medium and red circles are measurements of the
cells. Arrows indicate different cells.

cell and 5 pts between the next subsequent cell, an SBS flow cytometer with our measurement
time could reach an overall throughput of ∼20 cells per second.

5. Cell measurements

5.1. Sample preparation

MCF10A cells were gifted by Michele Vitolo and cultured with DMEM/F-12 (Gibco #11330033),
5% Horse Serum (Gibco #16050122), EGF (Peprotech #AF-100-15), Hydrocortisone (Sigma
#H-0888), Cholera Toxin (Sigma #C-8052), Insulin (Sigma #I-1882), and Pen/Strep (Gibco
#15070063). The MCF10A cells were verified to be mycoplasm free, checked routinely every
3-6 months. The cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
and F12 medium (DMEM-F12) supplemented with 5% horse serum, hydrocortisone (0.5 µg/ml),
insulin (10 µg/ml), epidermal growth factor (20 ng/ml), cholera toxin (100 ng/ml), and penicillin-
streptomycin (100 µg/ml each). MDA-MB-231 were acquired from ATCC (ATCC #HTB-26)
and cultured with DMEM (ATCC #30-2002), 10% FBS (ATCC #30-2020), and Pen/Strep (Gibco
#15070063). Both cell types were prepared for flow experiments by resuspension in DPBS
(Gibco #14190144) or 10% OptiPrep (Sigma #C974P05).

5.2. Post-processing of flow data

As described previously, we used a 50µm× 50µm microfluidic channel with a syringe pump to
flow cells and collect their Brillouin signal. Once the prepared cells in suspension are loaded
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into the syringe, we collect measurements of the cells in flow over the course of a ∼45 min
measurement trial. With our home-built LabView acquisition program, we acquire many smaller
segments (∼10s) of data which are comprised of individual spectral measurements (∼2000× 5
ms). During these segments, cells flow across the Brillouin interaction region and are sampled at
multiple points by our spectrometer. In post-processing, our home-built MATLAB script uses a
single peak Lorentzian least-square fit of each individual spectral measurement and collects the
respective Brillouin information. This collection of spectral information can then be represented
as a histogram, see Fig. 4(a), which, due to our continuous acquisition, contains data from both
the medium used in flow and the cells. We remove the medium signature by fitting a Gaussian to
measurements of only the medium and subtracting it from the overall distribution, see Fig. 4(b).
Once removed, we are left with the cell signature which is composed of both the cytoplasm and
nucleus as is shown in Fig. 4(c). We can distinguish the two by fitting the cell signature with a
linear combination of two Gaussians where the lower Brillouin shift peak position corresponds
to the cytoplasm, which is known to be less stiff than the nucleus, and the higher Brillouin shift
peak position is the nucleus. Similar post-processing methodology has been demonstrated before
and has combined spontaneous Brillouin with fluorescent imaging to confirm that cell nuclei
tend to have higher Brillouin shifts when compared to the cytoplasm [21].

Fig. 4. Histograms represent flow experiment data post-processing. (a) Experimental data with Brillouin shift 
Fig. 4. Histograms represent flow experiment data post-processing. (a) Experimental data
with Brillouin shift signatures from both the medium and the cells. (b) Experimental data
of Brillouin shift of only the medium. Black line represents Gaussian fit to be subtracted
from overall measurement. (c) Extracted cell signature with medium removed. Orange and
yellow lines are each Gaussian fits of the cytoplasm and nucleus respectively.

Importantly, we have previously demonstrated that since the height of the channel is larger than
the cell size, not all cells will be sampled through their center in the height direction. As a result,
when averaging over the whole cell population, the flow data represent equivalent information to
what would be obtained from histograms of cross-sectional Brillouin images [21].

5.3. Brillouin shift analysis

During each experiment, our CW SBS flow cytometer sampled hundreds of cells each sampled
at multiple points. With our post-processing, described in the previous section, we construct
representative cell signature distributions which allow us to understand the mechanical properties
of the cell lines at high throughput and compare them. We analyze the Brillouin shift of the
nucleus and cytoplasm of each of the two cell lines.

In order to confirm our prediction that MCF10A will have a higher Brillouin shift than MDA-
MB-231, we can analyze the Brillouin shifts of the cell lines using our population distributions
of three separate experiments for each cell line. As previously mentioned, the cell signatures
can be broken down into nucleus and cytoplasm contributions. A representative experiment of
MCF10A, shown in Fig. 5(a) and 5(b) in red, captures the overall mechanics of the population
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having higher Brillouin shift and thus higher stiffness compared to MDA-MB-231, shown in
Fig. 5(a) and 5(b) in blue. The nucleus shift central peak location of MCF10A for this experiment
is at 5.27 GHz while MDA-MB-231 is at 5.24 GHz. The cytoplasm shift central peak location of
MCF10A is 5.14 GHz and MDA-MB-231 is 5.11 GHz. We performed a two-sample t-test to
confirm the statistical significance between the two cell line nucleus shifts, Fig. 5(c), as well as
the cytoplasm shifts, Fig. 5(d). In both cases of nucleus and cytoplasm, we observe significantly
higher Brillouin shifts in MCF10A than MDA-MB-231 in flow.

Fig. 5. Brillouin cell signature results. Representative experiments of MCF10A (top, 280 cells) and MDA-MB-
Fig. 5. Brillouin cell signature results. Representative experiments of MCF10A (top, 280
cells) and MDA-MB-231 (bottom, 311 cells) separated into (a) nucleus signatures and (b)
cytoplasm signatures. The red lines depict the Gaussian fits of the MCF10A distributions,
and the blue lines show the Gaussian fits of the MDA-MB-231 distributions. The dashed
lines in each plot show the central peak location of each fit. (c) and (d) show the Brillouin
shift population central peak location for the nucleus and cytoplasm respectively. Three
separate experiment runs for both cell lines were conducted. Statistical significance between
the two cell lines was analyzed using a two-sample t-test.

These findings are consistent with gold-standard mechanical analyses of metastatic potential
[16,48–52] and provide validation of our flow cytometer. The resultant lower Brillouin shift, and
subsequently softer, signature seen in the metastatic MDA-MB-231 when compared to MCF10A
can be largely attributed to cytoskeleton alterations and thus is linked to a characteristic reduction
in adhesion [53] and higher invasiveness [54] of cancer cells. One of the main benefits of using
Brillouin for these measurements is the fidelity it provides with respect to being all-optical and
thus not perturbing the cell such as other current technologies, thus alleviating any artifacts due
that cells are prone to through mechanical stimulation. Furthermore, with flow cytometry being
an ideal application for SBS where two counterpropagating beams are required, the ability to
measure cell mechanics in flow is highly relevant to metastasis through the bloodstream compared
to other methods of its kind.

6. Conclusion

In this work, we presented the combination of state-of-the-art CW SBS with flow cytometry to
achieve higher throughput mechanical measurements of cells. We analyzed the Brillouin shift
signatures of both the nucleus and cytoplasm of MCF10A and MDA-MB-231. Our CW SBS
flow cytometry setup is capable of measuring continuously at a rate of 200 Hz, given by the 5
ms spectral acquisition speeds which marks a 10x improvement in measurement time compared
to a previous implementation of spontaneous Brillouin flow cytometry [21]. This resulted in
an overall throughput of 0.375 cells per second. Our throughput is limited by nonoptimal flow
conditions and clumping of cells, which in turn slows down the flow rates and frequency of cells
passing through the interaction region. Further improvements to a setup such as this one could
utilize advanced microfluidic techniques and circulating cell models, such as Jurkat cells, to fully
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exploit the speedup potential that CW SBS systems offer. With a more suitable microfluidic
system and circulating cell model, the theoretical throughput of a system leveraging microfluidic
techniques such as these could exceed ∼20 cells per second. This is much lower than traditional
flow cytometers (>10 K cells/second) and deformability cytometers [18] but provides unique
mechanical contrast for the cell nucleus. Further improvements on the SBS cytometer will
also include the characterization of the linewidth to provide additional mechanical contrast
linked to viscosity enabled by the much higher spectral resolution of SBS spectroscopy. For
the application, nearly 90% of human solid tumors are epithelial carcinomas that disseminate
through the free-floating environments of the bloodstream or lymphatics during metastasis
(PMID: 9124038). Given the importance of tumor cell mechanics for traversing the steps in
the metastatic cascade (PMID: 33238151), this state of the art CW SBS flow cytometry system
provides new approaches to measure tumor cell mechanics in the free-floating environments
relevant to metastasis.
Funding. National Cancer Institute (P30-CA134274, R01-CA124704, R21CA258008).
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