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Thebiomechanicalpropertiesofcellsandtissuesplayanimportantroleinour
fundamentalunderstandingofthestructuresandfunctionsofbiologicalsystemsat
boththecellularandsubcellularlevels.Recently,Brillouinmicroscopy,whichoffersa
label-freespectroscopicmeansofassessingviscoelasticpropertiesinvivo,hasemerged
asapowerfulwaytointerrogatethosepropertiesonamicroscopiclevelinliving
tissues.However,susceptibilitytophotodamageandphotobleaching,particularlywhen
high-intensitylaserbeamsareusedtoinduceBrillouinscattering,posesasignificant
challenge.Thisarticleintroducesatransformativeapproachdesignedtomitigate
photodamageinbiologicalandbiomedicalstudies,enablingnondestructive,label-
freeassessmentsofmechanicalpropertiesinlivebiologicalsamples.Byleveraging
quantum-light-enhancedstimulatedBrillouinscattering(SBS)imagingcontrast,the
signal-to-noiseratioissignificantlyelevated,therebyincreasingsampleviabilityand
extendinginterrogationtimeswithoutcompromisingtheintegrityoflivingsamples.
Thetangibleimpactofthis methodologyisevidencedbyanotablethree-fold
increaseinsampleviabilityobservedaftersubjectingthesamplestothreehours
ofcontinuoussqueezed-lightillumination,surpassingthetraditionalcoherentlight-
basedapproaches.Thequantum-enhancedSBSimagingholdspromiseacrossdiverse
fields,suchascancerbiologyandneurosciencewherepreservingsamplevitality
isofparamountsignificance.Bymitigatingconcernsregardingphotodamageand
photobleachingassociatedwithhigh-intensitylasers,thistechnologicalbreakthrough
expandsourhorizonsforexploringthemechanicalpropertiesoflivebiologicalsystems,
pavingthewayforaneraofresearchandclinicalapplications.

biomedicalimaging|stimulatedBrillouinscattering|squeezedlight|quantumadvantage

Mechanicalinteractionsregulateawiderangeoffundamentalbiologicalactivities,includ-
ingmorphogenesis(1,2),cellmigration(3–5),polarization(6,7),proliferation(8,9),
andcellfate(10,11).Localviscoelasticpropertiesofmolecular,subcellular,andcellular
structuresplayacrucialroleindefiningthoseforcesandtheiroutcomes(12–14).A
prominentexampleiscancer:Abnormalelasticpropertiesofcancercellsandlocal
extracellularmatrix(ECM)serveasuniquemarkersforcancer(15,16),whilelocal
mechanicalpropertiescontrolcancerprogression(17)andmetastasis(18–20).Many
diseasesinvolvepathologicalchangesintissuestiffness(21–23),providinganearly
diagnostictoolfordiseasedevelopment.
Morebroadly,fundamentalunderstandingofembryonicdevelopment(24),mechan-

otransduction(25),insitutissueregeneration(26),drugdelivery(27),infection
diseases(28,29),andadvancedbiomaterials(30–32)callsforthedevelopmentof
newtoolsandmethodologiesforassessmentofviscoelasticpropertiesonamicroscopic
(subcellular)scale(21,33–36). Microscopicbiomechanicsplaysanimportantrole
inunderstandingstructuresandfunctionsofbiologicalsystemsatthecellularand
subcellularlevel.Biomechanicsofsinglecells,subcellularcomponents,andbiomolecules
havevastlycontributedtothedevelopmentofbiomedicalsciences(21,37–46).For
example,recentstudiessuggestedthatthestiffnessofECMmightaffectthebehavior
oftissuebymodulatingcellcontractility,whichiscrucialintumorigenesis(37,38).
Similarly,substratestiffnessofneuroncellsplaysimportantroleinneuronaldevelopment,
growth,andhealth(47).Therepathogenesisproblemsareaccompaniedwithcomplex
cellular-levelmechanochemicalprocesses.Forinstance,thematrixstiffness(fibrosisof
ECM)canactivatebothRhoproteinsignalingandErk(extracellularsignal-regulated
kinases)signalingpathwaysviaintegrinclustering(46).Asaresult,tumorigenic
processes,includingchangesincellcontractility,depolarization,andproliferation,herald
transformationofnormalepithelialcellsintomalignantones(38).Localviscosityis
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equallyimportantsincematerialtransportandmetabolicreac-
tionsinlivingcellsarelimitedbydiffusion.Therefore,gaining
insightsinto microscopic mechanicalinteractionsandlocal
viscoelasticpropertiesenhancesourfundamentalunderstanding
ofbiologicalprocessesandestablishesafoundationforadvance-
mentsindiseasediagnosis,prevention,andtherapeuticstrategies.
Giventhatthesedynamicprocessesoccuronamicroscopicscale
inthreedimensions,thereexistsanotabletechnologicalgapin
instrumentscapableofnoninvasive,label-freeassessmentofthese
properties,aspreviouslyrecognized(21,48).
Opticalmethodsforassessingtheelasticpropertiesofcells

andtissuesareappealingduetotheirnoninvasivenature
andsuitablespatialresolution.Brillouinspectroscopy,which
originatesfromtheinelasticopticalscatteringfromacoustic
phononsinamedium(asshowninFig.1A

A

C

D

B

E

G H

F

),isamongthe
oldestopticaltechniquesbeingusedforassessingmechanical
propertiesofbiologicalsamples(49).Brillouinmicroscopyhas
beenrecognizedasanexceptionaltechnologyforadvancing
molecularmechanobiology.Namedthe2022sciencestoryby
ref.50,itistheonlytoolthatprovidesanoninvasiveassessment
oflocalviscoelasticpropertiesin3-Dwithunprecedentedspatial
resolution(51–55). Whilescanningtandeminterferometers,
pioneeredbySandercock(56),providedhigh-qualityBrillouin
spectraandwereoriginallysoughttomeasureviscoelasticprop-
ertiesofnonbiologicalmaterials(57),assessingsmallvariations
ofthosepropertiesinhighlyscatteringbiologicalmaterialsona
microscopicscalehasproventobechallenging.Thekeytechnical
obstacles,whichhavebeenthoroughlydiscussed(58–60),pertain
tothesensitivity,accuracy,andspeedofthesemeasurements.
Theseissuesarefundamentallylinkedtothesignal-to-noiseratio
(SNR),whichisultimatelyconstrainedbytheshot-noiselimit
definedbythepoweroftheincidentlaserbeam.Unfortunately,
livingcellscannotwithstandhigh-powerlaserbeamsforextended
periodoftime(61,62).Althoughthisissuecanbepartially
alleviatedbyusinglongerwavelengthexcitation,significant

heatingeffectsareinevitable(63),hencelimitingthesensitivity,
accuracy,andspeedofBrillouinmicroscopymeasurements.
Toenhanceacquisitionspeedandspatialresolutionwhile
reducingelasticscatteringbackground,stimulatedBrillouinscat-
tering(SBS)wasproposedandfirstobservedbyChiaoetal.(64).
SincethenSBShasemergedasapowerfultoolforinvestigating
themechanicalpropertiesofbiologicalsamplesatthemicroscopic
level(65–69). OneoftheprimaryapplicationsofSBSin
biologicalsamplesisinthestudyoftissuebiomechanics(53,70–
73).Thesemeasurementsprovidevaluableinsightsintotheelastic
propertiesoftissues,suchasstiffnessandviscosity,whichare
crucialindicatorsoftissuehealthandpathology(52,58).In
thecontextofbiomedicalimaging,SBS-basedtechniquesoffer
nondestructiveandlabel-freemeanstoassessthemechanical
propertiesofbiologicalstructures(74,75).Forinstance,in
ophthalmology,SBShasbeenemployedtomeasurethestiffness
ofthecornea,aidinginthediagnosisandmonitoringofdiseases
likekeratoconus(76).Similarly,incancerresearch,SBShasbeen
utilizedtocharacterizethemechanicalpropertiesoftumors,of-
feringpotentialinsightsintotumorprogression(77)andresponse
totreatment(78).Moreover,SBStechniquescanbeintegrated
intoexistingimaging modalities,suchasopticalcoherence
tomography(71),toenablemultimodalimagingwithenhanced
contrastandsensitivity.Theseintegrationsallowforcompre-
hensiveassessmentsofbiologicalsamples,combiningstructural
andmechanicalinformationtoelucidatecomplexbiological
processes(79).Furthermore,thenoninvasivenatureofSBS-
basedtechniquesmakesthemparticularlyattractiveforinvivo
applications,facilitatingreal-timemonitoringoftissuedynamics
andresponsestoexternalstimuli(80).Byprobingthemechanical
propertiesoflivingorganismsatthecellularandsubcellular
levels,SBSholdspromiseforadvancingourunderstandingof
biomechanicalphenomenainhealthanddisease(16).
DespitetheversatilenatureofSBS,itisnotwithoutlimi-
tations,oneofwhichisitssusceptibilitytophotodamageand

Fig.1. (A)SchematicofconventionalBrillouinmicroscopy,whichoriginatesfromtheinelasticopticalscatteringfromacousticphononswithcharacteristic
resonanceofΩBinamedium.(B)PhotodamagetoabiologicalsampleisinducedbyexcessiveinputlightintensityusedtoyieldsufficientSNR.(CandD)
SchematicsofthestimulatedBrillouinscattering(SBS)setupsusedinthisworkforclassicallightsourcein(C)andquantumlightsourcein(D).(EandF)Phase
spacerepresentationsofthenoisepropertiesforthecoherentlightsourcein(E)andsqueezedlightsourcein(F).(GandH)SchematicsoftheSNRsofSBSgain
obtainedusingcoherent(greencurve)andsqueezed(redcurve)lightsourceswithhighpumppowerin(G)andlowpumppowerin(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 3 h 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
!1 and !2 and intensities I1 and I2 overlap in the sample,
efficiently interacting with a longitudinal acoustic phonon of
frequency ΩB. 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 !2 is scanned around
the Stokes frequency (!1 − ΩB), the probe intensity I2 exhibits
a stimulated Brillouin gain IB ∝ I1I2 due to wave resonance.
At the same time the pump intensity I1 at !1 undergoes a
stimulated Brillouin loss (−IB). Hence conversely, if !2 is

scanned around the anti-Stokes frequency (!1 + ΩB), the
loss effect would be observed on the probe intensity I2. The
accompanying noise level, �IB, of the stimulated Brillouin gain
can be expressed as �IB ∝ �

√
I2, where � = 1 for two coherent

beams are used in the balanced detection as shown in Fig. 1C,
and � < 1 for squeezed beams are used in the balanced detection
as shown in Fig. 1D. The phase space representations (96) of the
noise properties for the coherent and squeezed light sources are
illustrated in Fig. 1 E 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 I1 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 I1 while maintaining the probe beam intensity
I2, a point will be reached where the Brillouin gain, IB ∝ I1I2,
becomes weaker than the shot noise level, �IB ∝

√
I2, 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, IB ∝ I1I2, and its
associated noise, �IB ∝ �

√
I2, where � < 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 85Rb 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 85Rb 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
andD) 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. 1D) 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 two-mode squeezed state where the squeezing resides in
the intensity-difference of the two involving modes. Fig. 2 A and B
contain the SBS spectra of various components in two different
samples—4T1 breast cancer cell spheroids in hydrogel in Fig. 2A
and Drosophila brain tissue in Fig. 2B, respectively. All spectra
are obtained from a lock-in amplifier with 300 ms time constant,

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 H2O, 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 ΩB/2� = 5.03 ± 0.15 GHz
and Γ/2� = 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. 2A). 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 μW 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 lipid 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 μW 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 μW 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 μW 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 4T1 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. 2A. Optical powers of the pump and probe beams
are 7 mW and 700 μW 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.e., the secondary
peak at 5.6 GHz of the magenta curve in Fig. 2A. The resulting
images are shown in Fig. 4. Optical powers of the pump and
probe beams are now 15 mW and 700 μW 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 μm, 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/e2 = 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. 2A, 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 μm. 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 μm. (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 μm 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 × 55 pixels with pixel size of 6 μm. 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. SBSimagesobtainedwiththetwoSBSlasersarelockedatthesidegainpeakofthecancercellspheroidspectrum,i.e.,thepeakat5.6GHzshownin
Fig.2A.(A)4T1breastcancercellspheroidsunderbrightfieldillumination,thelengthofthewhitebarindicates100μm.(B)Quantum-enhancedSBSimages
ofthegreensquaresshownin(A),obtainedwiththesqueezedtwinbeams.(C)Classicalcounterpartsof(B),obtainedwithtwocoherentbeams.Theimage
resolutionof∼5μmisdeterminedbythefocalspotsizeoftheSBSbeams,whichiscalculatedusingthenumericalapertureNA=0.09ofthefocusingoptics.
Eachimagehas55×55pixelswithpixelsizeof6μm.Theimagecontrast(i.e.,SNR)isdisplayedbytherelativenoisepower(indB)indicatedbythecolorbar.
ImagesaresharpenedusingMatlab’s“imsharpen”functionwith“Radius”=2,“Amount”=1,and“Threshold”=0.1.

imagecontrastinFig.5Basopposedtoitsclassicalcounterpart
inFig.5C. Weattributethisimprovedquantumadvantage,
comparingtothe∼3dBquantumadvantagepreviouslyobtained
withthesampleoffixed4T1breastcancercellspheroids,tothe
factthattheDrosophilabraintissueismoretransparentthan
thebreastcancercellspheroidsfortheSBSlaserbeams.Optical
powersofthepumpandprobebeamshereare12mWand
700μWrespectivelybeforethesampleholder.

ImprovedSampleViabilityUnderQuantumLightIllumination.

Providedthatourtwo-modesqueezedlightyieldsmorethan
3dBquantumadvantageovercoherentlightinimagecontrast,
henceforagivenSNR,thepumppowerrequiredinthequantum
casewouldbelessthanthatintheclassicalcaseby∼50%.
Thisexcitationpowerreductionwouldinducelessphotodamage,
andtherebywouldsignificantlyextendtheinterrogationtime
ofsample.Inordertoprovethatlivesamplescansustain
longerunderquantumlightillumination,wecomparetheresults
obtainedfromlive4T1breastcancercellsinterrogatedbythe
two-modesqueezedlightaswellasbycoherentlight.Theresults
areshowninFig.6,whereFig.6AandBarefortheprobebeam

(withafixedopticalpowerof900μW)beinginacoherentstate
andinthetwo-modesqueezedstate,respectively.Eachcurvein
Fig.6AandBisanaverageof10spectraacquiredbyalock-in
amplifierwith45mWpumppowerinFig.6Aand24mWpump
powerinFig.6B,sothattheSNRofthecancercellspheroidSBS
gainarethesameforthesetwocases.
Weplacedourlivecancercellsunderconsistentquantum

andclassicallightilluminationsfor3h,andmeasuretheirSBS
spectraeveryonehourusingalock-inamplifier. Weseefrom
Fig.6Athat,thesecondarygainpeak,whichisthehallmarkof
thecancercellspheroid,degradesmuchmoreaggressivelythan
theonesshowninFig.6Bduringthe3-hinterrogationtime.After
3h’coherentlightexposureshownbyFig.6A,thecancercells
underinterrogationarealmostcompletelydissolvedintowater,
manifestedbytheoverlappingofthegreencurvewiththewater
SBSspectrum(shadedbluearea).Whereasinthequantumcase
shownbyFig.6B,thereisstillaclearlydiscerniblesecondarygain
peakonthecancercellSBSspectrumshownbythegreencurve
after3h’consistentsqueezedlightexposure.Ifwenormalizethese
time-stampedsecondarygainpeakswithrespecttotheirinitialheight
atthebeginningofinterrogation,whichisplottedinFig.6C
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Fig.5. SBSimagesobtainedwiththetwoSBSlasersarelockedatthegainpeakofthelipidspectrum,i.e.,thepeakat12GHzshowninFig.2B.(A)Drosophila
braintissueunderbrightfieldillumination,thelengthofthewhitebarindicates100μm.(B)Quantum-enhancedSBSimageofthegreensquareshownin(A),
obtainedwiththesqueezedtwinbeams.(C)Classicalcounterpartof(B),obtainedwithtwocoherentbeams.Theimageresolutionof∼5μmisdeterminedby
thefocalspotsizeoftheSBSbeams,whichiscalculatedusingthenumericalapertureNA=0.09ofthefocusingoptics.Eachimagehas55×55pixelswith
pixelsizeof6μm.Theimagecontrast(i.e.,SNR)isdisplayedbytherelativenoisepower(indB)indicatedbythecolorbar.ImagesaresharpenedusingMatlab’s
“imsharpen”functionwith“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). It is
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 106 to 109 photons per second (109).
This is several orders of magnitude lower than the photon flux
of 1014 to 1016 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

Fig. 3A, 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/e2 focal spot size of 1.5 μm in diameter, assuming our
1/e2 beam diameter at the lens is 3 mm. This change would
enhance our resolution by a factor of three (reduced from 5 μm
to 1.5 μm). 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 μm in diameter and 4.5 μm
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
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spectroscopy.Forthesakeofcomparison,wefocusinthis
workonimagingbiologicalsampleswherecellularmotionis
notsignificant,whichallowsustocapturethedistributionof
mechanicalpropertiesthroughouttheentireacquisitiontime.

Methods

Inthiswork,weadoptedthesamemethodologyemployedinourpriorproof-
of-principledemonstration(95),whichweelaborateasfollows.

FullExperimentalLayout.Theatomic85Rbvaporispumpedbyastrong
(∼500mW)narrow-bandCWlasercomposedofanexternalcavitydiodelaser
(ECDL)andataperedamplifier(showninFig.7Aas“FWMPump”)atfrequency�휈1
(�휆=795nm)withatypicalline-widthΔ�휈1<1MHz.Applyinganadditional
weak(intherangeofafewhundredsμW)coherentbeam(showninFig.7A
as“Seed”)atfrequency�휈p=�휈1−(�휈HF+�훿),where�휈HF=3.036GHz

and�훿arethehyperfinesplittingintheelectronicgroundstateof85Rband
thetwo-photondetuning(�훿=5MHzinthiswork)respectivelyinFig.7B.
Thefrequencydifferencebetween“FWMPump”and“Seed”isacquiredby
double-passingan1.5GHzacousto-opticmodulator(AOM)(showninFig.7Aas
“AOM1”).Twopumpphotonsareconvertedintoapairoftwinphotons,namely
“probe�휈p”and“conjugate�휈c”photons,adheringtotheenergyconservation
2�휈1=�휈p+�휈c(seethelevelstructureinFig.7B).Theresultingtwinbeams
arestronglyquantum-correlatedandarealsoreferredtoasbrighttwo-mode
squeezedlight(110).Thetwinbeamsexhibitanintensity-differencesqueezing
of7dBmeasuredbyabalanceddetectorwithcustomizedphotodiodeshaving
94%quantumefficiencyat795nm,whichisindicativeofstrongquantum
correlations(110).
The“FWMPump”and“Seed”beamsarecombinedinapolarizingbeam

splitter(PBS)anddirectedatanangleof∼0.3◦toeachotherintoa12.5mm

longvaporcellfilledwithisotopicallypure85Rb.Thetwobeamsarecollimated

with700μmand400μm1/e2waistsatthecellcenterrespectively.Thecell,with
nomagneticshielding,iskeptat105◦Cbyathermo-electriccoupler(TEC)and
aPID(Proportional-Integral-Derivative)feedbackloop.Thewindowsofthecell
areantireflectioncoatedonbothfaces,resultinginatransmissionforthe“Seed”

beamof∼98%perwindow.Afterthe85Rbvaporcell,the“FWMPump”andthe
twinbeams(showninFig.7Aas“QuantumProbe”and“QuantumConjugate”)

areseparatedbyaGlan-Laserpolarizer,with∼2×105:1extinctionratioforthe
Pump1.The“QuantumProbe”beamthenpassesthroughatelescope(TS)with

anenlargedbeamwaist(∼3mm)beforefocused(downtoa1/e2beamwaist
of∼5μmbyaplano-convexlenswithfocallengthf=16mm)andoverlapped
withacounterpropagatinglaserbeam(showninFig.7Cas“SBSPump,”asame

typeofECDLasthe“FWMPump,”andhavinga1/e2beamwaistof∼6μm)

atahomemadesampleholder,toformaphase-matchinggeometryfortheSBS
processinthesampledepictedinFig.7D.Thesampleholderconsistsoftwoglass
microscopeslidesseparatedby1mm.Both�휆/2and�휆/4wave-platesareadded
intheprobebeampathinorderfortheprobebeamtobereflectedasmuchas
possiblebythePBSintooneportofthebalanceddetector(BD).Therefore,in
thisconfiguration,theprobebeamislinearlypolarizedwhilethepumpbeam
fortheSBSprocess(the“SBSPump”inFig.7C)iscircularlypolarized.The
conjugatebeamservesasareference,andtwoflipmirrors(FM)areusedforthe
introductionoftwocoherentbeamssothatthewholesetupcanbeconverted
intoaclassicalversion.Thepumpsandprobebeamsareamplitude-modulated
bythreeAOMsat300KHz(AOM1)and400KHz(AOM2&3)respectively.The
SBSsignalthereforeisexpectedtoappearat700KHzwherethetwo-mode
squeezingisexpectedtobethebest(98,107).Thebalanceddetectionusestwo
coherentbeamsandabalanceddetector,whichsubtractsawaycommon-mode
noisetobetterthan25dB,thereforecontributionsfromlow-frequencytechnical
noisecanbeeliminated,sothatthenoiselevelatthemodulationfrequency
(wherethesignaloccurs)isshot-noiselimited.Thereisnocontributionfromthe
straypumplighttothedetectionnoiseasthereisasufficientangleseparation
(∼0.3◦)betweenthetwinbeamsandthe“FWMPump”beam,andthereare
multipleirisesinthepathsofthetwinbeamstofilteroutthestraypumplight.

BrillouinFrequencyShiftLocking.Inadditiontothecomponentsshown
inFig.7A,therearealsofrequency-lockingopticsandelectronicsforthe
probeandpumpbeamsoftheSBSprocesssothattheycanbelockedand
separatedbythephononfrequency(i.e.,“Brillouinfrequencyshift”)ofdifferent
biologicalcomponents,whichisintherangeoftensofGHz.Inthiswork,weuse
fringesfromaroomtemperatureFabry–Perotcavityasthelockingerrorsignaland
absorptionlinesfromaroomtemperaturenaturalabundantRbcellasthelocking
referenceforeachlaserbeam.Wechangethefrequencydifferencebetween
thetwobeamsbyfixingtheprobefrequency(blue-tunedbya“one-photon

detuningΔ”of1.1GHzwithrespecttothe85Rb5S1/2,F=2→ 5P1/2,

D1transitionshowninFig.7B)sothattheFWMprocesscanyieldthebest
two-modeintensity-differencesqueezing,whilescanningthelockingfrequency
ofthe“SBSPump”withaminimalstepof40MHzdeterminedbytheresolution
ofthescanningvoltageprovidedbyaDCpowersupply.

Two-BeamModulation.
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Notethatinprincipleonlyonemodulationonthe
pumpbeamwouldbesufficientforattainingtheSBSsignal.However,onemust
beextremelycarefultoeradicateanycontributionfromthepumplighttothe
detectedsignal,asanyamountofresidualpumpleakageintothedetectorwould
appearasspuriousSBSsignal.Todothis,ref.67usedaRubidium-85notch
filteratthepumpfrequency.Thisapproach,however,wouldnotbepractical
inourschemeasourtwo-modesqueezedtwinbeams,i.e.,the“Quantum
Probe”and“QuantumConjugate”beams,areonlyafewGHzseparatedfrom

Fig.7. (A)Experimentalsetupforthebrighttwo-modesqueezedlightgenerationbasedonFWMin85Rbatomicvapor.Seetextforadetaileddescription.
AOM:acousto-opticmodulator,TEC:thermo-electriccoupler.(B)LevelstructureoftheD1transitionof85Rbatom.Theopticaltransitionsarearrangedina
double—Λconfiguration,where�휈p,�휈cand�휈1standforprobe,conjugateandpumpfrequencies,respectively,fulfilling�휈p+�휈c=2�휈1and�휈c−�휈p=2�휈HF.Thewidth
oftheexcitedstateintheleveldiagramrepresentstheDopplerbroadenedline.Δistheone-photondetuning.�휈HFisthehyperfinesplittingintheelectronic

groundstateof85Rb.(C)ExperimentalsetupfortheSBSspectroscopyforboththequantumandclassicalconfigurations.FM:flipmirror,TS:telescope,BD:
balanceddetector,SA:RFspectrumanalyzer.(D)Phase-matchingdiagramfortheSBSprocess(106).Thewave-vectorsandfrequenciesforthepump,probe,

andsoundwavearedenotedby(k,�휔),(k,�휔),and(q,ΩB)respectively.
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the “FWM Pump” frequency, therefore the use of any notch filter at the pump
frequency would inevitably induce undesired atomic absorption at the 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
complexityofasingle-modesqueezedschemewhereahomodynemeasurement
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

6 μm in both directions. The images are obtained by scanning each pixel under
the experimental conditions shown in Fig. 2 D, F, and H.

Data, Materials, and Software Availability. All study data are included in
the main text.
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