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The biomechanical properties of cells and tissues play an important role in our
fundamental understanding of the structures and functions of biological systems at
both the cellular and subcellular levels. Recently, Brillouin microscopy, which offers a
label-free spectroscopic means of assessing viscoelastic properties in vivo, has emerged
as a powerful way to interrogate those properties on a microscopic level in living
tissues. However, susceptibility to photodamage and photobleaching, particularly when
high-intensity laser beams are used to induce Brillouin scattering, poses a significant
challenge. This article introduces a transformative approach designed to mitigate
photodamage in biological and biomedical studies, enabling nondestructive, label-
free assessments of mechanical properties in live biological samples. By leveraging
quantum-light-enhanced stimulated Brillouin scattering (SBS) imaging contrast, the
signal-to-noise ratio is significantly elevated, thereby increasing sample viability and
extending interrogation times without compromising the integrity of living samples.
The tangible impact of this methodology is evidenced by a notable three-fold
increase in sample viability observed after subjecting the samples to three hours
of continuous squeezed-light illumination, surpassing the traditional coherent light-
based approaches. The quantum-enhanced SBS imaging holds promise across diverse
fields, such as cancer biology and neuroscience where preserving sample vitality
is of paramount significance. By mitigating concerns regarding photodamage and
photobleaching associated with high-intensity lasers, this technological breakthrough
expands our horizons for exploring the mechanical properties of live biological systems,
paving the way for an era of research and clinical applications.

biomedical imaging | stimulated Brillouin scattering | squeezed light | quantum advantage

Mechanical interactions regulate a wide range of fundamental biological activities, includ-
ing morphogenesis (1, 2), cell migration (3-5), polarization (6, 7), proliferation (8, 9),
and cell fate (10, 11). Local viscoelastic properties of molecular, subcellular, and cellular
structures play a crucial role in defining those forces and their outcomes (12-14). A
prominent example is cancer: Abnormal elastic properties of cancer cells and local
extracellular matrix (ECM) serve as unique markers for cancer (15, 16), while local
mechanical properties control cancer progression (17) and metastasis (18-20). Many
diseases involve pathological changes in tissue stiffness (21-23), providing an early
diagnostic tool for disease development.

More broadly, fundamental understanding of embryonic development (24), mechan-
otransduction (25), in situ tissue regeneration (26), drug delivery (27), infection
diseases (28, 29), and advanced biomaterials (30-32) calls for the development of
new tools and methodologies for assessment of viscoelastic properties on a microscopic
(subcellular) scale (21, 33-36). Microscopic biomechanics plays an important role
in understanding structures and functions of biological systems at the cellular and
subcellular level. Biomechanics of single cells, subcellular components, and biomolecules
have vastly contributed to the development of biomedical sciences (21, 37-46). For
example, recent studies suggested that the stiffness of ECM might affect the behavior
of tissue by modulating cell contractility, which is crucial in tumorigenesis (37, 38).
Similarly, substrate stiffness of neuron cells plays important role in neuronal development,
growth, and health (47). There pathogenesis problems are accompanied with complex
cellular-level mechanochemical processes. For instance, the matrix stiffness (fibrosis of
ECM) can activate both Rho protein signaling and Erk (extracellular signal-regulated
kinases) signaling pathways via integrin clustering (46). As a result, tumorigenic
processes, including changes in cell contractility, depolarization, and proliferation, herald
transformation of normal epithelial cells into malignant ones (38). Local viscosity is
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equally important since material transport and metabolic reac-
tions in living cells are limited by diffusion. Therefore, gaining
insights into microscopic mechanical interactions and local
viscoelastic properties enhances our fundamental understanding
of biological processes and establishes a foundation for advance-
ments in disease diagnosis, prevention, and therapeutic strategies.
Given that these dynamic processes occur on a microscopic scale
in three dimensions, there exists a notable technological gap in
instruments capable of noninvasive, label-free assessment of these
properties, as previously recognized (21, 48).

Optical methods for assessing the elastic properties of cells
and tissues are appealing due to their noninvasive nature
and suitable spatial resolution. Brillouin spectroscopy, which
originates from the inelastic optical scattering from acoustic
phonons in a medium (as shown in Fig. 14), is among the
oldest optical techniques being used for assessing mechanical
properties of biological samples (49). Brillouin microscopy has
been recognized as an exceptional technology for advancing
molecular mechanobiology. Named the 2022 science story by
ref. 50, it is the only tool that provides a noninvasive assessment
of local viscoelastic properties in 3-D with unprecedented spatial
resolution (51-55). While scanning tandem interferometers,
pioneered by Sandercock (56), provided high-quality Brillouin
spectra and were originally sought to measure viscoelastic prop-
erties of nonbiological materials (57), assessing small variations
of those properties in highly scattering biological materials on a
microscopic scale has proven to be challenging. The key technical
obstacles, which have been thoroughly discussed (58—60), pertain
to the sensitivity, accuracy, and speed of these measurements.
These issues are fundamentally linked to the signal-to-noise ratio
(SNR), which is ultimately constrained by the shot-noise limit
defined by the power of the incident laser beam. Unfortunately,
living cells cannot withstand high-power laser beams for extended
period of time (61, 62). Although this issue can be partially

alleviated by using longer wavelength excitation, significant
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heating effects are inevitable (63), hence limiting the sensitivity,
accuracy, and speed of Brillouin microscopy measurements.

To enhance acquisition speed and spatial resolution while
reducing elastic scattering background, stimulated Brillouin scat-
tering (SBS) was proposed and first observed by Chiao et al. (64).
Since then SBS has emerged as a powerful tool for investigating
the mechanical properties of biological samples at the microscopic
level (65-69). One of the primary applications of SBS in
biological samples is in the study of tissue biomechanics (53, 70—
73). These measurements provide valuable insights into the elastic
properties of tissues, such as stiffness and viscosity, which are
crucial indicators of tissue health and pathology (52, 58). In
the context of biomedical imaging, SBS-based techniques offer
nondestructive and label-free means to assess the mechanical
properties of biological structures (74, 75). For instance, in
ophthalmology, SBS has been employed to measure the stiffness
of the cornea, aiding in the diagnosis and monitoring of diseases
like keratoconus (76). Similarly, in cancer research, SBS has been
utilized to characterize the mechanical properties of tumors, of-
fering potential insights into tumor progression (77) and response
to treatment (78). Moreover, SBS techniques can be integrated
into existing imaging modalities, such as optical coherence
tomography (71), to enable multimodal imaging with enhanced
contrast and sensitivity. These integrations allow for compre-
hensive assessments of biological samples, combining structural
and mechanical information to elucidate complex biological
processes (79). Furthermore, the noninvasive nature of SBS-
based techniques makes them particularly attractive for in vivo
applications, facilitating real-time monitoring of tissue dynamics
and responses to external stimuli (80). By probing the mechanical
properties of living organisms at the cellular and subcellular
levels, SBS holds promise for advancing our understanding of
biomechanical phenomena in health and disease (16).

Despite the versatile nature of SBS, it is not without limi-
tations, one of which is its susceptibility to photodamage and

H

SBS SBS
" Gain — Classical Gain = Classical
X | — Quantum — Quantum
—_—
Reduce
Power ‘/L
F Power
I £

X

Fig. 1. (A) Schematic of conventional Brillouin microscopy, which originates from the inelastic optical scattering from acoustic phonons with characteristic
resonance of Qg in a medium. (B) Photodamage to a biological sample is induced by excessive input light intensity used to yield sufficient SNR. (C and D)
Schematics of the stimulated Brillouin scattering (SBS) setups used in this work for classical light source in (C) and quantum light source in (D). (€ and F) Phase
space representations of the noise properties for the coherent light source in (£) and squeezed light source in (F). (G and H) Schematics of the SNRs of SBS gain
obtained using coherent (green curve) and squeezed (red curve) light sources with high pump power in (G) and low pump power in (H).
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photobleaching, especially when high-intensity laser beams are
used to induce Brillouin scattering (65, 67). The intense laser
light required for SBS measurements can induce thermal and
photochemical effects in biological samples, leading to potential
damage or alteration of the tissue under investigation (53) (as
shown in Fig. 1B). Minimizing these effects while maintaining
sufficient SNR poses a significant technical challenge in SBS-
based experiments, particularly in live-cell imaging or in vivo
applications where sample viability is critical (81). This is where
quantum light can play a vital role in SBS. In this article, we
represent an experimental scheme capable of significantly reduc-
ing photodamage to biological samples through squeezed-light-
enhanced SBS image contrast (i.e., image SNR). This reduced
photodamage is exemplified by a drastically improved sample
viability. After 3h of continuous interrogation, we observed a
threefold viability improvement by placing our live sample under
squeezed light illumination as opposed to placing the live sample
under coherent light illumination.

In addition to our squeezed-light-enhanced SBS imaging
approach, it is also important to acknowledge other quantum-
enhanced nonlinear techniques in biosample investigations.
Notable contributions include Bowen et al.’s demonstration of
quantum-enhanced coherent Raman spectroscopy, achieving a
35% improvement in signal-to-noise ratio for imaging molec-
ular bonds within cells compared to conventional Raman mi-
croscopy (82). Bowen and colleagues also used squeezed light with
75% reduced amplitude noise for microrheology measurements
in yeast cells, surpassing the quantum noise limit by 42% while
tracking lipid granules in real time (83). A comprehensive review
on quantum metrology and its applications in biology by Taylor
and Bowen is available in ref. 84. Additionally, Andersen et al.
utilized squeezed-light-enhanced stimulated Raman scattering to
probe Raman shifts in polymer samples, achieving a quantum-
enhanced SNR of 3.60 dB relative to the shot-noise limited
SNR (85). Another significant and highly relevant advancement
in biosample investigations is the work on entangled two-photon
absorption spectroscopy by Goodson and colleagues (86-91).
In particular, they demonstrated imaging capabilities at a low
excitation intensity of 107 photons/s, which is 6 orders of
magnitude lower than the excitation level for the classical two-
photon imaging (89). This represents a major advancement
given that two-photon absorption spectroscopy is extensively
used for deep tissue imaging (92, 93). Furthermore, their recent
publication (94) offers valuable experimental and theoretical
insights into the benefits of using entangled photons to obtain
quantum spectra of complex molecules.

Our approach employs a standard “modulation-
demodulation” approach in conjunction with a “balanced
detection” scheme, enabling the detection of weak signals within
a spectral range where the noise level is constrained by shot noise,
akin to the techniques used in recent demonstrations (67, 69, 95).
As depicted in Fig. 1 C and D, during the process of SBS,
counterpropagating pump and probe beams with frequencies
w1 and @, and intensities I; and I overlap in the sample,
efficiently interacting with a longitudinal acoustic phonon of
frequency Qp. Note that this counterpropagating pump—probe
configuration is suitable for relatively thin biological samples
that are transparent/nonabsorptive at 795 nm with minimal
scattering, so that quantum correlations in the squeezed light
can be preserved after transmission. When w; is scanned around
the Stokes frequency (w; — g), the probe intensity I, exhibits
a stimulated Brillouin gain Iz o 111 due to wave resonance.
At the same time the pump intensity I; at @; undergoes a
stimulated Brillouin loss (—Ig). Hence conversely, if @, is
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scanned around the anti-Stokes frequency (w; + Qp), the
loss effect would be observed on the probe intensity I. The
accompanying noise level, 61, of the stimulated Brillouin gain
can be expressed as 61 o /15, where f = 1 for two coherent
beams are used in the balanced detection as shown in Fig. 1C,
and f < 1 for squeezed beams are used in the balanced detection
as shown in Fig. 1.D. The phase space representations (96) of the
noise properties for the coherent and squeezed light sources are
illustrated in Fig. 1 £ and F, respectively. Due to the inherent
strong quantum correlations between the squeezed beams, their
amplitude/intensity difference noise level, represented by the red
ellipse in Fig. 1F, is significantly reduced with respect to the shot
noise level in the coherent case, represented by the green circle
in Fig. 1E. When the pump beam intensity I; is sufficiently
high, then both the classical and quantum cases would exhibit
appreciable SNR, as depicted in Fig. 1G by the green and
red curves, respectively. However, if one wishes to reduce
photodamage to the biological sample by lowering the pump
beam intensity I; while maintaining the probe beam intensity
I, a point will be reached where the Brillouin gain, I o 1115,
becomes weaker than the shot noise level, 6Ig o« /T2, denoted
by the green curve in Fig. 1H, only the squeezed beams would
give rise to an appreciable improvement in SNR, as indicated
by the red curve in Fig. 1H. The primary measurements in
this work are the stimulated Brillouin gain, Iy o 1115, and its
associated noise, I o /I, where f < 1, which serve as our
contrast for imaging biological samples.

Our quantum-enhanced SBS scheme has potential implica-
tions for a wide range of fields, including biomedicine, tissue
engineering, and regenerative medicine where sample viability
is crucial (74). It therefore will broaden our capabilities for
investigating the mechanical properties of biological systems,
opening broad avenues for research and clinical applications.

Results

The quantum light source employed in the experiment is a
two-mode intensity-difference squeezed light generated with the
four-wave mixing (FWM) process in an atomic $Rb vapor
cell, which has proven to be a great platform for quantum
sensing applications (95, 97-102). Major advantages of this
FWM-based quantum light generation scheme include strong
quantum correlations exhibited by greater than 6 dB two-mode
quantum squeezing, and narrow-band “twin beams” generation
with ~10 MHz spectral line-width (103-105). This narrow
line-width feature is extremely beneficial for the intended SBS
experiment, where the spectral width of the light source must
be well below the Brillouin resonance line-width, which is
typically a few hundreds of MHz. The SNR enabled by the
twin beams, with signal defined as the difference of photon
numbers in the twin beams, is better than that for coherent
beams by a factor of cosh2r, where r is the well-known
squeezing parameter used to characterize the two-mode squeezed
state (106). This improvement in SNR consequently translates
to quantum-enhanced image contrast as demonstrated in our
proof-of-concept experiment on SBS spectroscopy (95).

In our prior work (95), two quantum-correlated “twin beams”
of light, i.e., the “probe” and “conjugate” beams, are produced
with the FWM process in an atomic 3 Rb vapor cell. After the cell,
the “probe” beam is overlapped with a counterpropagating laser
beam (the “pump” beam for the SBS process labeled in Fig. 1 C
and D) at a sample holder to form a phase-matching geometry for
the SBS process. The “conjugate” beam serves solely as a reference
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for the balanced detection scheme to cancel out common-mode
noise in the twin beams. The quantum SBS spectroscopy setup
(conceptualized in Fig. 1.D) can be converted to a classical version
(conceptualized in Fig. 1C) by replacing the probe and conjugate
beams with two coherent beams having the same optical powers
as the twin beams. In our experiment, the SBS signals (both
gain and loss) are expected to appear at 700 KHz, which is the
sum frequency of the amplitude modulations on the two SBS
beams (95). The 700 KHz signal frequency is chosen since it is
where the two-mode squeezing is expected to be the best (95,
98, 107). Both the SBS pump and probe lasers are locked to
external cavities, and the relative frequency between them can be
scanned with 40 MHz spectral resolution so that the Brillouin
shifts, i.e., the peak and dip of the Brillouin gain and loss, can
be located. Also note that, our SBS signals are measured by a
customized balanced detector, which subtracts away common-
mode technical noise of the two input beams to better than
25 dB, so that noise level at 700 KHz (where the Brillouin signals
appear) is shot-noise limited. Other experimental details can be
found in Methods.

We start with classically characterizing the SBS gain of different
components in two biological samples. We use the balanced
detection scheme for this measurement for two reasons: 1). it
enables the detection of weak signals within a spectral range where
the noise level is constrained by shot noise, and 2). our quantum
light is in a rwo-mode squeezed state where the squeezing resides in
the intensity-difference of the two involving modes. Fig. 2 4 and B
contain the SBS spectra of various components in two different
samples—4T1 breast cancer cell spheroids in hydrogel in Fig. 24
and Drosophila brain tissue in Fig. 2B, respectively. All spectra
are obtained from a lock-in amplifier with 300 ms time constant,

A -10 -5 0 5

and the coherent probe beam is locked while the pump beam of
the SBS process is scanned with 0.02 Hz scan frequency. From
the water (distilled H,O, T = 21 °C) SBS spectra (denoted by the
shaded blue areas in Fig. 2 A and B) the Brillouin shift and the
gain line-width are measured to be Qp/27 = 5.03 £ 0.15 GHz
and I'/27 = 287 £ 23 MHz, which are in excellent agreement
with previous experiments (69, 95). The dips on the left and
peaks on the right of zero are the stimulated Brillouin loss and
gain resonances respectively. The center features are caused by
absorptive stimulated Rayleigh scattering. We repeated the same
procedure and acquired the SBS spectra for cancer cell spheroid,
hydrogel, and lipid, and denote them with magenta, green, and
red curves respectively in Fig. 2 A and B.

Having characterized the classical SBS process, in the follow-
ing, we demonstrate the quantum-enhanced SBS spectra. To
clearly demonstrate quantum-improved performance beyond the
classical approach, we conducted the experiment both with the
probe beam in a coherent state (labeled as “Classical Probe”
in Fig. 7C) and in the two-mode squeezed state (labeled as
“Quantum Probe” in Fig. 7C). The experimental layouts can
be easily swapped between the two configurations simply by
replacing the twin beams with two coherent beams. Fig. 2 C
and D represent our experimental results for the quantum-
enhanced SBS spectra of hydrogel. In order to acquire the spectra,
both lasers are locked so that their frequency difference matches
the Brillouin shift of hydrogel, which in our case is 6.7 GHz (see
the green spectrum in Fig. 24). The data presented in Fig. 2 C
and D and the following subfigures have all been measured by
a RF spectrum analyzer with a resolution bandwidth of 10 KHz
and a video bandwidth of 10 Hz. With these bandwidths, the shot

noise levels indicated by the green curves are around —67 dBm,
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Fig. 2. (A) SBS spectra acquired by a lock-in amplifier for components in fixed 4T1 breast cancer cell spheroids suspended in hydrogel, where the blue,

magenta, and green curves denote water, cell spheroid, and hydrogel spectra respectively. (B) SBS spectra acquired by a lock-in amplifier for components in
crushed Drosophila brain, where the blue and red curves denote water and lipid spectra respectively. For both (A and B), the optical powers of the coherent
probe and pump beams at the sample are 500 pW and 40 mW respectively. (C and D) SBS gains acquired by a spectrum analyzer when the SBS pump and probe
beams are locked at the hydrogel resonance for pump powers at (C) 30 mW and (D) 7 mW respectively. (E and F) SBS gains acquired by a spectrum analyzer
when the SBS pump and probe beams are locked at the cell spheroid resonance for pump powers at (E) 55 mW and (F) 15 mW respectively. (G and H) SBS
gains acquired by a spectrum analyzer when the SBS pump and probe beams are locked at the /ipid resonance for pump powers at (G) 40 mW and (H) 12 mW
respectively. For all the SBS gains shown in (C—H), the SBS probe power is fixed at 700 pW for both the coherent probe and twin probe, which are denoted by
the green and red curves respectively. Clear quantum noise reduction enabled SNR enhancement can be seen in all the graphs.
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whereas the electronic noise floor is around —81 dBm, and there
is negligible contribution from the stray SBS pump beam to the
detection noise. We present the spectra for the Brillouin gain of
hydrogel using coherent beams (green traces) and twin beams (red
traces) with 700 pW probe power, while the SBS pump power
is kept at 30 mW in Fig. 2C and 7 mW in Fig. 2D. It is clear
from the spectra that the implementation of twin beams give rise
to a significantly improved SNR (~3.5 dB) of the SBS gain, and
therefore an enhanced sensitivity of the Brillouin spectroscopy.
We see in particular in Fig. 2D that for a pump power of 7 mW,
the Brillouin gain from two coherent beams is almost embedded
in the shot-noise level, and only becomes pronounced when
using twin beams. It is therefore clear that by using the two-
mode squeezed light, it is possible to obtain Brillouin gain even
for a continuous-wave (CW) pump laser power less than 7 mW.
This is extremely beneficial for studying fragile biological samples
where excessive optical power would damage the sample. Similar
quantum-enhanced SNR can also be observed when the SBS laser
beams are locked at the cancer cell spheroid gain peak in Fig. 2
E and F for pump powers at 55 mW and 12 mW respectively;
and when the SBS laser beams are locked at the lipid gain peak
in Fig. 2 G and H for pump powers at 30 mW and 7 mW
respectively. For all the SBS gains shown in Fig. 2 C—H, the SBS
probe power is fixed at 700 pW for both the classical probe and

quantum probe.

4T1 Breast Cancer Cell Spheroids in Hydrogel. We now demon-
strate that our quantum-enhanced SBS spectroscopy can be
utilized for microscopic imaging of biological samples. We use
the SBS gain of various components of the sample to acquire a 2-
Dimensional image of the whole sample. The first sample under
investigation is fixed 4T'1 breast cancer cell spheroids in hydrogel.
The results are presented in Fig. 3, where the Brillouin images
were obtained with two SBS lasers were locked at the gain peak of
the hydrogel spectrum, i.e., the peak at 6.7 GHz of the green curve
shown in Fig. 24. Optical powers of the pump and probe beams
are 7 mW and 700 pW respectively before the sample holder.
Pixels in Fig. 3B are registered with the probe beam being in
the two-mode squeezed state, and pixels in Fig. 3C are registered
with the probe beam being in a coherent state. Obviously, the
image contrast (i.e., the SNR) for the cell spheroids in Fig. 3C
is unappreciable due to the coherent light-induced SBS gain of

hydrogel is overwhelmed by the shot noise (see the green curve
in Fig. 2D). By using the two-mode squeezed light, however,
more than 3.5 dB squeezed-light-enabled quantum advantage in
image contrast can be clearly seen in Fig. 3B (see the red curve
in Fig. 2D). In addition to locking the lasers at the hydrogel SBS
gain peak, we also capture images by locking the SBS laser beams
at the side gain peak of the cell spheroid spectrum (whose main
peak overlaps with the water SBS gain peak), i.c., the secondary
peak at 5.6 GHz of the magenta curve in Fig. 24. The resulting
images are shown in Fig. 4. Optical powers of the pump and
probe beams are now 15 mW and 700 pW respectively before
the sample holder. Although the pump power is higher than that
used in Fig. 3, and the degradation of image quality is visible,
more than 3 dB squeezed-light-enabled quantum advantage in
image contrast can still be seen in Fig. 4. The resolution of the
images shown in Figs. 3 and 4 is ~5 pm, which is determined
by the focal spot size of the SBS beams, calculated using the
numerical aperture NA = 0.09 of the focusing optics, i.e., the
two SBS beams both with 1/¢? = 3 mm diameter are focused at
a same spot by two f = 16 mm plano-convex lenses (see Fig. 7
in Method for a detailed optics layout).

It is worth pointing out that there are three gain peaks (two
on the magenta curve, one on the green curves) on the spectrum
of the fixed 4T1 breast cancer cell spheroids in hydrogel shown
in Fig. 24, therefore in order to have a complete investigation, in
addition to hydrogel and cell spheroids, we also used water SBS
gain peak as contrast to form images. The results turned out to
be subpar as the cell spheroids spectrum overlaps partially with
the water spectrum.

Drosophila Brain Tissue. We now use our quantum-enhanced
SBS spectroscopy to image the second sample—Drosophila brain
tissue. The SBS beams were focused on the central brain part of
the Drosophila melanogaster central nervous system to achieve
minimal optical track of ~5 pm. The SBS spectrum of the
Drosophila brain obtained from a lock-in amplifier is depicted in
Fig. 2B. The SBS gain and loss resonances at 12 GHz indicate
that the sample is mainly composed of lipid as expected (108).
Using the gain peak of lipid as image contrast by locking the two
lasers at 12 GHz, and following the same operating procedure as
previously described, the resulting SBS images are presented in
Fig. 5. We can clearly observe a close to 4 dB quantum-enhanced
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Fig. 3. SBS images obtained with the two SBS lasers are locked at the gain peak of the hydrogel spectrum, , i.e., the peak at 6.7 GHz shown in Fig. 2A. (A) 4T1
breast cancer cell spheroids under bright field illumination, the length of the white bar indicates 100 pm. (B) Quantum-enhanced SBS images of the green
squares shown in (B), obtained with the squeezed twin beams. (C) Classical counterparts of (B), obtained with two coherent beams. The image resolution of
~5 um is determined by the focal spot size of the SBS beams, which is calculated using the numerical aperture NA = 0.09 of the focusing optics. Each image
has 55 x 55 pixels with pixel size of 6 pm. The image contrast (i.e., SNR) is displayed by the relative noise power (in dB) indicated by the color bar. Images are
sharpened using Matlab's “imsharpen” function with “Radius” = 2, “Amount” = 1, and “Threshold” = 0.1.
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Fig. 4. SBS images obtained with the two SBS lasers are locked at the side gain peak of the cancer cell spheroid spectrum, i.e., the peak at 5.6 GHz shown in
Fig. 2A. (4) 4T1 breast cancer cell spheroids under bright field illumination, the length of the white bar indicates 100 pm. (8) Quantum-enhanced SBS images
of the green squares shown in (A), obtained with the squeezed twin beams. (C) Classical counterparts of (B), obtained with two coherent beams. The image
resolution of ~5 pm is determined by the focal spot size of the SBS beams, which is calculated using the numerical aperture NA = 0.09 of the focusing optics.
Each image has 55 x 55 pixels with pixel size of 6 pm. The image contrast (i.e., SNR) is displayed by the relative noise power (in dB) indicated by the color bar.

Images are sharpened using Matlab’s “imsharpen” function with “Radius” = 2, “Amount” = 1, and “Threshold” = 0.1.

image contrast in Fig. 5B as opposed to its classical counterpart
in Fig. 5C. We attribute this improved quantum advantage,
comparing to the ~3 dB quantum advantage previously obtained
with the sample of fixed 4T1 breast cancer cell spheroids, to the
fact that the Drosophila brain tissue is more transparent than
the breast cancer cell spheroids for the SBS laser beams. Optical
powers of the pump and probe beams here are 12 mW and
700 pW respectively before the sample holder.

Improved Sample Viability Under Quantum Light lllumination.
Provided that our two-mode squeezed light yields more than
3 dB quantum advantage over coherent light in image contrast,
hence for a given SNR, the pump power required in the quantum
case would be less than that in the classical case by ~50%.
This excitation power reduction would induce less photodamage,
and thereby would significantly extend the interrogation time
of sample. In order to prove that live samples can sustain
longer under quantum light illumination, we compare the results
obtained from Jive 4T1 breast cancer cells interrogated by the
two-mode squeezed light as well as by coherent light. The results
are shown in Fig. 6, where Fig. 6 4 and B are for the probe beam

120

X (um)

(with a fixed optical power of 900 pW) being in a coherent state
and in the two-mode squeezed state, respectively. Each curve in
Fig. 6 A and B is an average of 10 spectra acquired by a lock-in
amplifier with 45 mW pump power in Fig. 64 and 24 mW pump
power in Fig. 6B, so that the SNR of the cancer cell spheroid SBS
gain are the same for these two cases.

We placed our live cancer cells under consistent quantum
and classical light illuminations for 3 h, and measure their SBS
spectra every one hour using a lock-in amplifier. We see from
Fig. 64 that, the secondary gain peak, which is the hallmark of
the cancer cell spheroid, degrades much more aggressively than
the ones shown in Fig. 6B during the 3-h interrogation time. After
3 h’ coherent light exposure shown by Fig. 64, the cancer cells
under interrogation are almost completely dissolved into water,
manifested by the overlapping of the green curve with the water
SBS spectrum (shaded blue area). Whereas in the quantum case
shown by Fig. 6B, there is still a clearly discernible secondary gain
peak on the cancer cell SBS spectrum shown by the green curve
after 3 h’ consistent squeezed light exposure. If we normalize these
time-stamped secondary gain peaks wirh respect ro their initial height
at the beginning of interrogation, which is plotted in Fig. 6C, we
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Fig. 5. SBS images obtained with the two SBS lasers are locked at the gain peak of the lipid spectrum, i.e., the peak at 12 GHz shown in Fig. 2B. (A) Drosophila
brain tissue under bright field illumination, the length of the white bar indicates 100 pm. (B) Quantum-enhanced SBS image of the green square shown in (A),
obtained with the squeezed twin beams. (C) Classical counterpart of (B8), obtained with two coherent beams. The image resolution of ~5 pm is determined by
the focal spot size of the SBS beams, which is calculated using the numerical aperture NA = 0.09 of the focusing optics. Each image has 55 x 55 pixels with
pixel size of 6 pm. The image contrast (i.e., SNR) is displayed by the relative noise power (in dB) indicated by the color bar. Images are sharpened using Matlab's
“imsharpen” function with “Radius” = 2, “Amount” = 1, and “Threshold” = 0.1.
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Fig. 6. (A and B) Live 4T1 breast cancer cells degradation due to (A) classical coherent light and (B) quantum squeezed light illuminations for 3-h interrogation
time. (C) Normalized side gain peak of the SBS spectra of the cancer cell spheroid for both the classical coherent light (green) and quantum squeezed light (red)

illuminations.

can clearly observe the difference—the degradation rate of cancer
cells’ livelihood is much faster in the classical case than it is in the
quantum case. After 3 h of continuous interrogation, only 13%
cancer cells survived under coherent light illumination, while
41% cancer cells survived under squeezed light illumination,
thereby improving the cancer cell sample viability by threefold.

Discussion and Outlook

Uniqueness of Our Quantum Light. The quantum advantage of
our scheme is achieved by utilizing bright two-mode squeezed
light with a spectral width in the range of 10 MHz, generated
through the FWM process in atomic 85Rb vapor (103-105). Itis
this unique narrow-band feature of our two-mode squeezed light
source that enables our quantum-enhanced SBS spectroscopy
and imaging demonstration. In order for the SBS process to
occur, the spectral width of the light source must be significantly
below the Brillouin line-width of the components under
investigation, and in this work, they are in the range of a few
hundred MHz. Although the typical line-width of single-mode
squeezed light generated from optical parametric oscillators is
usually in the range of a few MHz to tens of MHz, their photon

flux typically ranges from 10° to 10? photons per second (109).
This is several orders of magnitude lower than the photon flux

0f 10' t0 10'° photons per second that our two-mode squeezed
light can achieve. These unique features of our two-mode
squeezed light, generated through the FWM process in atomic
85Rb vapor, make it an exceptional quantum light source for
SBS spectroscopy and imaging.

Image Acquisition Time. The quantum-enhanced SBS spectra
shown in Fig. 2 were obtained from a spectrum analyzer with
a 10 KHz resolution bandwidth, 10 Hz video bandwidth,
and a 1-s sweep time to scan a frequency span of 150 KHz
(from 625 KHz to 775 KHz). Notably, the sweep time can be
significantly accelerated by using the “zero span” mode of the
spectrum analyzer, combined with either reducing the resolution
bandwidth or increasing the video bandwidth. In our case, the
sweep time can be reduced to 2.0 ms while operating in the “zero
span” mode with a 3 KHz resolution bandwidth and 300 Hz
video bandwidth. To demonstrate the viability of our scheme
with a much faster sweep time, we retook the SBS image of the
4T1 breast cancer cells in hydrogel using the “zero span” mode.
The resulting image was essentially the same as the one shown in

PNAS 2024 Vol. 121 No. 45 e2413938121

Fig. 34, albeit noisier due to the video bandwidth being 30 times
wider. This implies that our acquisition rate is not fundamentally
limited by our scheme but is rather technically constrained by
the instrument. This technical limitation can be readily overcome
with the use of a more advanced RF spectrum analyzer, such as
a real-time spectrum analyzer with a much faster data writing
and read-out rate, or with a large memory that allows data to be
processed locally. Consequently, the acquisition time would then
be limited solely by the sweep time of the spectrum analyzer.

Image Spatial Resolution. Regarding spatial resolution, note
that we opted to use f = 16 mm plano-convex lenses to
focus the probe and pump beams of the SBS process on the
sample, primarily due to concerns about loss and alignment.
While objectives could focus the beams much more tightly,
they would also introduce significant losses due to reflection and
limited aperture which are normally specified by manufacturers.
Those losses can be of the order of 30% to 50% even for high-
quality objectives, which would inevitably degrade the quantum
advantage. To improve the special resolution using our current
setup, a practical approach is to use molded aspheric lenses to
focus the two SBS beams on the sample. For instance, using an
aspheric lens with an effective focal length of f = 4.5 mm would
yield a 1/¢? focal spot size of 1.5 pm in diameter, assuming our
1/¢* beam diameter at the lens is 3 mm. This change would
enhance our resolution by a factor of three (reduced from 5 pm
to 1.5 pm). However, it is also important to understand the
challenges associated with this spatial resolution improvement—
the tighter focus necessitates a more precise alignment, as the
pump and probe beams of the SBS process must overlap within
an excitation volume of merely 1.5 pm in diameter and 4.5 pm
in length. Achieving this overlap requires meticulous adjustment
and fine-tuning of the beam paths.

Motion of Live Cells. The motion of cells and cellular compart-
ment poses a significant challenge for many live-cell biological
imaging applications. Spontaneous Brillouin microscopic imag-
ing is often too slow for such imaging exactly for the reason
of cellular motion. Stimulated Brillouin microscopy partially
addresses this issue by increasing the acquisition speed of such
imaging by several orders of magnitude, but at the same time
introduces the risk of cellular photodamage. Therefore, achieving
stimulated Brillouin microscopy with reduced photodamage is
crucial, and this can only be realized through quantum light

https://doi.org/10.1073/pnas.2413938121
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spectroscopy. For the sake of comparison, we focus in this
work on imaging biological samples where cellular motion is
not significant, which allows us to capture the distribution of
mechanical properties throughout the entire acquisition time.

Methods

In this work, we adopted the same methodology employed in our prior proof-
of-principle demonstration (95), which we elaborate as follows.

Full Experimental Layout. The atomic 8Rb vapor is pumped by a strong
(~500 mW) narrow-band CW laser composed of an external cavity diode laser
(ECDL)and atapered amplifier(shown in Fig. 7Aas "FWMPump")at frequency v
(4 = 795 nm) with a typical line-width Av; < 1 MHz. Applying an additional
weak (in the range of a few hundreds pW) coherent beam (shown in Fig. 74
as "Seed") at frequency vp = v1 — (vyr + 6), where vyr = 3.036 GHz
and & are the hyperfine splitting in the electronic ground state of 8°Rb and
the two-photon detuning (6 = 5 MHz in this work) respectively in Fig. 7B.
The frequency difference between "FWM Pump” and "Seed"” is acquired by
double-passing an 1.5 GHz acousto-optic modulator (AOM) (shown in Fig. 74 as
"AOM1"). Two pump photons are converted into a pair of twin photons, namely
"probe vp" and "conjugate vc" photons, adhering to the energy conservation
2v1 = vp + v (see the level structure in Fig. 7B). The resulting twin beams
are strongly quantum-correlated and are also referred to as bright two-mode
squeezed light (110). The twin beams exhibit an intensity-difference squeezing
of 7 dB measured by a balanced detector with customized photodiodes having
94% quantum efficiency at 795 nm, which is indicative of strong quantum
correlations (110).

The "FWM Pump” and “"Seed” beams are combined in a polarizing beam
splitter (PBS) and directed at an angle of ~0.3° to each otherinto a 12.5 mm
long vapor cell filled with isotopically pure 8°Rb. The two beams are collimated
with 700 pmand 400 pm 1/e? waists at the cell center respectively. The cell, with
no magnetic shielding, is kept at 105 °C by a thermo-electric coupler (TEC) and
a PID (Proportional-Integral-Derivative) feedback loop. The windows of the cell
are antireflection coated on both faces, resulting in a transmission forthe "Seed”
beam of ~98% perwindow. After the 8 Rb vapor cell, the “FWM Pump” and the
twin beams (shown in Fig. 74 as "Quantum Probe” and "Quantum Conjugate”)
are separated by a Glan-Laser polarizer, with ~2 x 10° : 1 extinction ratioforthe
Pump1. The "Quantum Probe” beam then passes through a telescope (TS) with
an enlarged beam waist (~3 mm) before focused (down toa 1/e% beam waist
of ~5 pm by a plano-convex lens with focal length f = 16 mm) and overlapped
with a counterpropagating laser beam (shown in Fig. 7C as "SBS Pump,” asame
type of ECDL as the "FWM Pump,” and having a 1/e? beam waist of ~6 pm)

ata homemade sample holder, to form a phase-matching geometry for the SBS
processin the sample depicted in Fig. 7D. The sample holder consists of two glass
microscope slides separated by 1 mm. Both 4/2 and A/4 wave-plates are added
in the probe beam path in order for the probe beam to be reflected as much as
possible by the PBS into one port of the balanced detector (BD). Therefore, in
this configuration, the probe beam is linearly polarized while the pump beam
for the SBS process (the "SBS Pump” in Fig. 7C) is circularly polarized. The
conjugate beam serves as a reference, and two flip mirrors (FM) are used for the
introduction of two coherent beams so that the whole setup can be converted
into a classical version. The pumps and probe beams are amplitude-modulated
by three AOMs at 300 KHz (AOM1) and 400 KHz (AOM28&3) respectively. The
SBS signal therefore is expected to appear at 700 KHz where the two-mode
squeezing is expected to be the best (98, 107). The balanced detection uses two
coherent beams and a balanced detector, which subtracts away common-mode
noise to better than 25 dB, therefore contributions from low-frequency technical
noise can be eliminated, so that the noise level at the modulation frequency
(where the signal occurs) is shot-noise limited. There is no contribution from the
stray pump light to the detection noise as there is a sufficient angle separation
(~0.3°) between the twin beams and the "FWM Pump” beam, and there are
multiple irises in the paths of the twin beams to filter out the stray pump light.

Brillouin Frequency Shift Locking. In addition to the components shown
in Fig. 74, there are also frequency-locking optics and electronics for the
probe and pump beams of the SBS process so that they can be locked and
separated by the phonon frequency (i.e., "Brillouin frequency shift") of different
biological components, which is in the range of tens of GHz. In this work, we use
fringesfroma roomtemperature Fabry-Perot cavityasthelocking errorsignal and
absorption linesfrom aroomtemperature natural abundantRRb cell as the locking
reference for each laser beam. We change the frequency difference between
the two beams by fixing the probe frequency (blue-tuned by a "one-phaton
detuning A" of 1.1 GHz with respect to the ®Rb 5512.F = 2 — 5Py,
D1 transition shown in Fig. 7B) so that the FWM process can yield the best
two-mode intensity-difference squeezing, while scanning the locking frequency
of the "SBS Pump" with a minimal step of 40 MHz determined by the resolution
of the scanning voltage provided by a DC power supply.

Two-Beam Modulation. Note that in principle only one modulation on the
pump beam would be sufficient for attaining the SBS signal. However, one must
be extremely careful to eradicate any contribution from the pump light to the
detected signal, as any amount of residual pump leakage into the detector would
appear as spurious SBS signal. To do this, ref. 67 used a Rubidium-85 notch
filter at the pump frequency. This approach, however, would not be practical
in our scheme as our two-mode squeezed twin beams, i.e., the "Quantum
Probe” and "Quantum Conjugate” beams, are only a few GHz separated from
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Fig. 7. (A) Experimental setup for the bright two-mode squeezed light generation based on FWM in 85Rb atomic vapor. See text for a detailed description.

AOM: acousto-optic modulator, TEC: thermo-electric coupler. (B) Level structure of the D1 transition of 85Rb atom. The optical transitions are arranged in a
double—A configuration, where vp, vc and v stand for probe, conjugate and pump frequencies, respectively, fulfilling vp + v =2vq and ve —vp = 2vye. The width
of the excited state in the level diagram represents the Doppler broadened line. A is the one-photon detuning. vy is the hyperfine splitting in the electronic
ground state of 83Rb. (C) Experimental setup for the SBS spectroscopy for both the quantum and classical configurations. FM: flip mirror, TS: telescope, BD:
balanced detector, SA: RF spectrum analyzer. (D) Phase-matching diagram for the SBS process (106). The wave-vectors and frequendes for the pump, probe,

and sound wave are denoted by (E, ), (f’, «'), and (g, Qg) respectively.
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the "FWM Pump” frequency, therefore the use of any notch filter at the pump
frequencywould inevitably induce undesired atomicabsorption atthe probe and
conjugate frequencies as well. This would significantly deteriorate the quantum
correlations between the probe and conjugate beams, and eventually wear out
the quantum advantage. The 2-beam modulation (pump and probe at 300 KHz
and 400 KHz respectively) approach adopted in our scheme solved this issue,
as the SBS signal appeared at the sum frequency 700 KHz, hence even if there
is residual pump leakage into the detector, the "spurious signal” would only
appear at 300 KHz.

Two-Beam Balanced Detection. It is crucial to note that in our scheme, we
used a "two-mode” squeezed state, where squeezing resides in the “intensity-
difference” between the two involving modes. As opposed to the experimental
complexity ofasingle-mode squeezed scheme whereahomodyne measurement
is needed to characterize the squeezing, and a phase-locking mechanism
is needed to track the squeezed quadrature, our scheme only requires a
balance detector so that an intensity-difference measurement can be obtained.
Therefore, a "balanced coherent detection” where two coherent beams are used
would be the appropriate classical counterpart to the quantum configuration in
our scheme.

Microscopic Image Acquisition. To acquire the microscopic images in the
main text, we use two translational stages with differential micrometer screws to
automatically move the sample holder’s position with a spatial scan step size of
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6 um in both directions. The images are obtained by scanning each pixel under
the experimental conditions shown in Fig. 2 D, F, and H.
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