[image: image1]Non-contact and label-free biomechanical imaging: Stimulated Brillouin microscopy and beyond

		REVIEW
published: 31 March 2023
doi: 10.3389/fphy.2023.1175653


[image: image2]
Non-contact and label-free biomechanical imaging: Stimulated Brillouin microscopy and beyond
Chenjun Shi1, Hongyuan Zhang2 and Jitao Zhang1*
1Department of Biomedical Engineering, Wayne State University, Detroit, MI, United States
2Cole Eye Institute, Cleveland Clinic, Cleveland, OH, United States
Edited by:
Qinggong Tang, University of Oklahoma, United States
Reviewed by:
Giuseppe Antonacci, Specto Photonics, Italy
Daniele Fioretto, University of Perugia, Italy
* Correspondence: Jitao Zhang, zhang4@wayne.edu
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 27 February 2023
Accepted: 24 March 2023
Published: 31 March 2023
Citation: Shi C, Zhang H and Zhang J (2023) Non-contact and label-free biomechanical imaging: Stimulated Brillouin microscopy and beyond. Front. Phys. 11:1175653. doi: 10.3389/fphy.2023.1175653

Brillouin microscopy based on spontaneous Brillouin scattering has emerged as a unique elastography technique because of its merit of non-contact, label-free, and high-resolution mechanical imaging of biological cell and tissue. Recently, several new optical modalities based on stimulated Brillouin scattering have been developed for biomechanical research. As the scattering efficiency of the stimulated process is much higher than its counterpart in the spontaneous process, stimulated Brillouin-based methods have the potential to significantly improve the speed and spectral resolution of existing Brillouin microscopy. Here, we review the ongoing technological advancements of three methods, including continuous wave stimulated Brillouin microscopy, impulsive stimulated Brillouin microscopy, and laser-induced picosecond ultrasonics. We describe the physical principle, the representative instrumentation, and biological application of each method. We further discuss the current limitations as well as the challenges for translating these methods into a visible biomedical instrument for biophysics and mechanobiology.
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1 INTRODUCTION
Biomechanical properties of cell and tissue are playing crucial roles in many aspects of physiological and pathological conditions [1–11]. Therefore, quantification of biomechanical properties becomes an essential need in the field of biophysics and mechanobiology [12, 13]. Among all existing techniques, non-contact optical elastography is favorable because they can conduct 2D/3D mechanical measurement without physically disturbing the native condition of the sample [14, 15]. Confocal Brillouin microscopy [16, 17] (CBM) is an emerging optical elastography technology that solely uses a laser beam to probe the high-frequency 3D elastic longitudinal modulus with a diffraction limited resolution (<1 µm). In the past decades, technology innovation enables quickly expanding applications of the CBM in many biomedical fields, including cellular biomechanics, developmental biology, ocular diseases, tumorigenesis, angiogenesis, biomaterial characterization, and other medical diagnoses [18]. The state-of-the-art instruments of CBM and the applications have been well documented in recent review articles [19–22]. Currently, the acquisition speed of CBM is around 50–100 ms per pixel [18], which is much slower than other imaging modality such as fluorescence confocal microscope and is one of major obstacles for real-time mechanical imaging. The fundamental reason for the slow speed is that the CBM is based on the spontaneous Brillouin scattering [23], which is a linear optical process and has extremely low scattering efficiency (i.e., the ratio of the powers of the scattered light and the incident light is about 10–9). As a result, the Brillouin spectrometer requires long exposure time to collect enough scattered photons for signal analysis. Another limitation of the existing CBM is the spectral broadening, which is mainly introduced by the frequency-domain optical spectrometer (a recently proposed heterodyne detection scheme could potentially avoid the spectrum broadening of the spectrometer [24].). Due to the limited spectral resolution of the dispersion devices (i.e., Fabry-Perot etalon, or virtually imaged phased array) used in the spectrometer, the intrinsic instrumental linewidth is ∼100 MHz to ∼600 MHz [25, 26]. As such, the linewidth of the detected signal will be broadened because of the convolution of the signal and the instrumental line shape. In case the sample within the optical voxel is homogeneous, the natural linewidth can be extracted by deconvolution process with the known instrumental line shape [27], but the possible error introduced by the measurement of instrumental line shape needs to be carefully characterized. Since the linewidth of the Brillouin signal is associated with the acoustic attenuation thus the viscous properties of the material [28, 29], the broadening effect can greatly reduce the sensitivity of Brillouin technology for quantifying the viscosity of material, leaving this field mostly undeveloped.
Several approaches have been developed to improve the performance of Brillouin technology, which can be loosely classified into three types: i) Spontaneous scattering-based method. Since spontaneous Brillouin scattering runs in a non-depleted pump condition, reuse of non-scattered pump light for extra pixels can significantly reduce the overall acquisition time in 2D/3D mapping. To this end, line-scanning Brillouin microscopy (LSBM) has been developed by acquiring Brillouin signals of multiple pixels along a line with a multiplexed spectrometer [30]. Although the acquisition time for each pixel is similar to that of a standard CBM, the multiplexing design in the LSBM allows more than 100 pixels to be measured in one shot. Consequently, the acquisition time for 2D/3D biomechanical imaging was reduced by more than one order of magnitude [31, 32]. ii) Stimulated scattering-based methods. Different from spontaneous Brillouin scattering where the acoustic phonons are from thermally induced density fluctuation of the material, the stimulated scattering-based methods utilize optically-excited coherent phonons for Brillouin scattering and can significantly enhance the Brillouin signal [23], which alternatively can shorten the acquisition time if maintaining the signal to noise ratio (SNR). These include continuous wave stimulated Brillouin scattering (cw SBS) [23], impulsive stimulated Brillouin scattering [33, 34], and laser induced picosecond ultrasonics [35]. iii) Brillouin enhancement techniques. These techniques have been developed to further improve the SNR for either spontaneous or stimulated scattering process, including ultrasonic enhancement [36] and quantum enhancement [37].
Traditionally, stimulated Brillouin scattering specifically referred to the non-linear photon-phonon interaction caused by electrostriction and/or optical absorption when an intense optical field is presented [23, 38]. Here, we broadly consider a Brillouin scattering as a stimulated process if the phonons are generated by the presence of a light field, in contrast to the spontaneous process where phonons are from the inherent thermal fluctuations. Comparing with spontaneous scattering, stimulated Brillouin scattering process has much higher scattering efficiency; thus, it is promising to push Brillouin technology to a new level, where the acquisition speed of a Brillouin microscope is comparable with that of a fluorescence confocal microscope. In addition, as the frequency-domain optical spectrometer is not required for signal detection, stimulated Brillouin scattering-based methods could achieve a much better spectral resolution for linewidth measurement, paving the way for non-contact quantification of both elasticity and viscosity of material [39]. In recent years, ideas and techniques of stimulated scattering-based methods are being adapted for biomedical research and demonstrating encouraging feasibility in quantifying cell and tissue biomechanics. In this Review, we first introduce the physical basis of several stimulated Brillouin techniques. We then discuss the latest progress on instrumentation and biomedical applications. In the end, we discuss existing challenges in translating stimulated Brillouin technology into a visible mechanical imaging modality for biomedical research.
2 PRINCIPLE AND INSTRUMENTATION
2.1 Continuous wave stimulated Brillouin microscopy (cw SBM)
In 1964, stimulated Brillouin scattering (SBS) was first observed by focusing a high-energy pulse laser into an optical crystal [38]. In SBS, the intense incident light field generates a backward propagating Stokes light after scattered by the acoustic wave within the material (Figure 1A). Ultimately, the coherent interaction among the incident light, the Stokes light, and the acoustic wave will significantly enhance the scattered Stokes light in a non-linear manner [23]. For biomedical application, the SBS is currently established by two cw laser beams to mitigate the severe photodamage caused by the intense laser field (Figures 1B,C). A high-power pump beam ([image: image]) and a low-power probe beam ([image: image]) are counterpropagating in the sample. Once the frequency difference [image: image] matches the frequency of the acoustic phonon (i.e., Brillouin shift of the material) [image: image], the intensity of the transmitted probe beam is amplified by the SBS process:
[image: image]
where [image: image] and [image: image] is the incident power of pump and probe beam, respectively. [image: image] is the interaction length of two beams within the sample (for microscopic setup, it is usually determined by the size of the focused beam voxel), and [image: image] is the gain factor. As a result, the relative gain (i.e., SBG) of the probe beam is
[image: image]
and
[image: image]
with [image: image]: Brillouin linewidth (full width of half maximum), and [image: image]: line-center gain factor.
[image: image]
where [image: image]: electrostrictive constant; [image: image]: frequency of light; [image: image] and [image: image]: refractive index and density of the material; [image: image]: speed of sound, [image: image]: speed of light; Eqs. 2–3 indicate that the relative gain of the probe beam [image: image] has the peak value once [image: image].
[image: Figure 1]FIGURE 1 | Principle of stimulated Brillouin scattering. (A) Schematic of stimulated Brillouin scattering process. Ω: frequency of acoustic wave. (B) Scheme of cw SBS used for biomedicine. (C) Energy transfer between the pump and the probe. SBG: stimulated Brillouin gain; SBL: stimulated Brillouin loss.
In experiment, with the measured spectrum of [image: image], the Brillouin shift [image: image] and the line-center gain factor [image: image] can be determined. According to the principle of Brillouin scattering, Brillouin shift [image: image] at 180° scattering geometry is related to the complex longitudinal modulus [image: image] by
[image: image]
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where [image: image] and [image: image] are the storage modulus and loss modulus, respectively. Thus, the density of the material can be determined based on Eq. 4
[image: image]
In short, the cw SBS process allows us to directly probe the Brillouin shift, the longitudinal modulus, and the density of the material.
A representative optical configuration of the cw SBM is shown in Figure 2 [39–41]. Two tunable lasers with narrow linewidths (∼MHz or smaller) and 10–50 GHz tunable ranges are used for generating pump and probe beams. The frequency of the pump beam is locked to a frequency standard (e.g., Rb85 absorption line), and the frequency of the probe laser is scanned by controlling electronics. The two beams counter propagate with a geometry of ∼180° and overlap at the common focal plane of two identical objective lenses. The readout of the transmitted probe beam is achieved by manipulating its polarization. For high-sensitivity detection, the pump beam is modulated by an acousto-optic modulator at ∼1 MHz, and a lock-in amplifier is used to extract the relative gain of the probe beam. To suppress reflected stray light of the pump beam, a notch filter (e.g., Rb85 gas cell) is placed in front of the photodetector. To monitor the frequency difference of the pump beam and the probe beam, a small portion of two beams is picked for frequency beating, and the beat frequency is measured by a frequency counter. In addition, a white light beam can be coupled into the optical path for colocalized brightfield imaging.
[image: Figure 2]FIGURE 2 | Schematic of a representative cw SBM setup. [image: image]: quarter-wave plate; PBS: polarized beam splitter; BS: beam splitter; AOM: acousto-optic modulator; PD: photodetector; FC: frequency counter; PC: computer.
For sample testing, the pump beam and the probe beam run at a power of 100–∼300 mW, and 10–45 mW, respectively. Under this power level, an acquisition time as short as 2 ms has been achieved for water sample, and 20 ms for biological sample [39]. This is comparable to the state-of-the-art spontaneous CBM [18, 42]. The reason that the current cw SBM does not show significant improvement against CBM is probably due to the non-optimized operation of the setup. It has been demonstrated that the relative gain of the probe beam is about 10–6, which is higher than spontaneous scattering but still in the linear region of the stimulated scattering [43]. In addition, the suboptimized technical parameters for signal detection limit the performance of cw SBM. Technical advances are being made to address this issue. For example, a very recent work shows ten times improvement in the acquisition speed can be achieved by optimizing the detection using localization theory [40]. Furthermore, the efficiency of SBM can be improved by replacing cw operation with quasi-pulsed operation [44]. By optimizing the pump-probe interaction at high peak power and short interaction time, the quasi-pulsed SBM can reduce the illumination power by 20 times while maintaining the signal quality. As the signal of cw SBM is obtained by scanning the frequency of the laser, the spectral resolution is ultimately limited by the intrinsic linewidth of the laser source as well as the frequency dispersion during scanning. In experiments [39], cw SBM can achieve a spectral resolution of 39 MHz with mediate numerical aperture (NA), which is 2–20 times better than the Brillouin spectrometers of CBM. This enables cw SBM to detect mechanical features with much better specificity.
To date, the feasibility of cw and quasi-pulsed SBMs has been demonstrated in liquid (e.g., water, methanol, intralipid solution) [43, 45], C. elegans [39], single cell, and organoids with microscopic resolution [44], suggesting promising potential of SBM as a new biomechanical imaging modality. Importantly, in addition to the Brillouin shift and linewidth, cw SBM can probe the density of the material. This will not only provide additional contrast mechanism for biophysical imaging but also allow direct quantification of longitudinal modulus of some biological cells and tissue in which the refractive index and density are dependent on each other [46–48].
2.2 Impulsive stimulated Brillouin microscopy (ISBM)
The impulsive stimulated Brillouin scattering (ISBS) is also known as “laser induced phonons” or “laser induced dynamic grating” [34, 49–52], which was initially developed for studying phonon-phonon interaction in molecular crystals around 1980s. A representative scheme of ISBS is shown in Figure 3. Two time-coincident pulsed laser beams (i.e., pump beams) are crossed in the sample at an angle of [image: image]. The optical interference pattern generated at the overlapping region creates a transient density grating due to electrostrictive excitation and/or thermal excitation [34, 53]. This excited density grating can be interpreted as counterpropagating acoustic waves whose wavelength ([image: image]) follows the period of the grating. For an optical isotropic material, it has the form of
[image: image]
where [image: image] is the wavelength of the pump beam, and [image: image] is the angle between the two crossed beams. The excited acoustic wave is then probed by a third beam (i.e., probe beam) at the phase-matching angle for Bragg diffraction. The properties of the excited acoustic wave can then be extracted by detecting the diffracted light of the probe beam with a photodetector. In case the transient density grating is caused by electrostriction, at Bragg condition, the diffraction efficiency [image: image] of the probe beam can be expressed as [54]
[image: image]
where [image: image] is refractive index of the sample, [image: image] is the wavevector of the acoustic phonon, [image: image] is the optoelestic constant that is dependent on the polarization of pump beam, [image: image] is the energy of each pump pulse, [image: image] is the effective grating thickness, [image: image] is the wavelength of the probe beam, [image: image] is the speed of sound, [image: image] is the density of the sample, [image: image] is the speed of light in air, [image: image] is the acoustic attenuation constant, [image: image] is the angular frequency of the acoustic phonon. Eq. 9 indicates that the diffracted light of the probe beam is proportional to the square of the pulse energy of the pump beam, which has been observed in experiment [55]. Although the pump beam needs to be ultrashort pulses, the probe beam can be either a cw laser or a pulsed laser [50, 56]. The choice depends on the time scale of the dynamic process within the material: for slow process that is within the bandwidth of detection electronics, a cw laser can be used. Otherwise, a pulsed laser and a delay line are necessary to extract the signal. To improve the detection sensitivity, an optical heterodyne scheme was developed [57, 58], where an optical transmission grating was introduced to produce two pump beams, a probe beam, and a reference beam using the first (±1) diffraction orders. This optical arrangement significantly simplified the optical alignment for heterodyne detection. Therefore, it has become a standard design for ISBS and is widely adopted nowadays. Under the scheme of heterodyne detection, the detected signal is linearly related to the pulse energy of the pump beam [59].
[image: Figure 3]FIGURE 3 | Principle of ISBS.
In recent years, there are increasing interests in adapting ISBS for biomedical applications [55, 60–62]. A representative schematic of the ISBM setup is shown in Figure 4. The pump laser is around 500 nm and has a pulse width of ∼ 1–10 ps. The probe laser is a cw laser and has a longer wavelength (e.g., 780 nm or 895 nm). The two laser beams are coupled into an optical transmission grating using a dichroic mirror. The four beams after the optical grating are delivered to the sample with a 4f telescope system. The diffracted light of the probe beam is then detected by a photodetector. After filtering and amplification, the signal is collected by an oscilloscope, which is triggered by the signal from the pump laser. For heterodyne detection, the intensity of the reference beam is attenuated to a proper level by a neutral density filter. The frequency of the acoustic wave (i.e., Brillouin shift) can be extracted by conducting Fourier analysis of the collected time-domain signal. For very weak signal, a new technique for spectral analysis named “adaptive noise-suppression Matrix Pencil” was recently reported to improve the detection sensitivity [63]. In addition, the wavelength ([image: image]) of the acoustic phonon can be derived from the period ([image: image]) of the optical grating based on the 4f system:
[image: image]
where [image: image] is the focal length of the lens SL1 and SL2, respectively. This further allows us to quantify the speed of sound in the material. Due to the large wavelength of the excited phonons (e.g., ∼10 µm), the measured Brillouin shift of current ISBM is around ∼100 MHz, one order of magnitude lower than that of CBM and cw SBM. This also sets a limit for the spatial resolution of ISBS-based imaging [62, 64]. The first microscopic imaging of liquid samples using ISBM was reported in 2017 [61]. Later, ISBS experiments were conducted on biologically relevant hydrogels with acquisition time of sub-ms [55], indicating an encouraging future of ISBM for biomedical application.
[image: Figure 4]FIGURE 4 | Schematic of a representative ISBM setup. DM: dichroic mirror; TG: transmission grating; PD: photodetector. f1, f2: focal length of Lenses SL1 and SL2, respectively.
2.3 Laser-induced picosecond ultrasonics
Picosecond ultrasonics (PU) is another way to excite coherent phonons for Brillouin scattering. Different from cw SBM or ISBM where the phonons are directly generated within the sample by a laser beam, PU excites coherent phonons with the help of an ultrasonic transducer (usually an absorbing film on a substrate) (Figure 5). When a femtosecond laser pulse (i.e., pump beam) shines on the transducer, a picosecond acoustic wave will be launched because of the thermoelastic expansion induced by the absorption of the laser pulse [65, 66]. As a sample is present on top of the acoustic transducer, the propagation behavior of the acoustic wave within the sample can be accessed by a second laser pulse (i.e., probe beam) based on the pump-probe technique. With normal incidence, the backward scattered Brillouin signal is detected by the interference of the scattered light and the reflected probe light at the photodetector. The frequency information can then be extracted from the temporal signal using frequency analysis [67, 68]. Since the detected signal is a time-domain trace, the PU is also called the time-domain Brillouin scattering [35].
[image: Figure 5]FIGURE 5 | Principle of laser-induced picosecond ultrasonics. PD: photodetector. The angles of beams are for the purpose of demonstration only. Normal illumination/detection is usually used in experiment.
One distinct feature of the PU is that its axial resolution can be dominated by the acoustic wavelength instead of the optical depth of focus. According to the Brillouin scattering at 180° geometry ([image: image]), the acoustic wavelength [image: image] is determined by
[image: image]
where [image: image] is the wavelength of the probe beam, and [image: image] is the refractive index of the material. As [image: image] is shorter than the optical wavelength, the axial resolution of the PU could be better than the optical depth of focus. The Brillouin frequency [image: image] of the PU is time dependent. As a result, its spatial location can be determined by the speed of sound [image: image] (calculated from the measured Brillouin frequency and the known refractive index). Therefore, the axial sectioning can be achieved by analyzing the instantaneous frequency of the time-domain signal without physically scanning the beam spot along axial direction [69]. The axial resolution of the PU is estimated to be
[image: image]
where the integer [image: image] is the number of complete cycles of acoustic wave used for frequency analysis. In practice [67, 69], [image: image] were used for biological imaging, yielding an axial resolution of less than 1 µm with a low NA (i.e., 0.4–0.6) objective lens. Meanwhile, the lateral resolution of the PU is still optical diffraction limited.
The PU technology was developed in 1980s for studying the propagation behavior of high-frequency phonons in material [65]. In recent years, there are increasing demonstrations of this technology with both fixed and live biological cells [67–75]. Representative instrument of the PU technology (also called phonon microscopy) [67] is shown in Figure 6A. The pump and the probe lasers have the wavelength of 390 nm and 780 nm, respectively. Both lasers have a pulse width of 150 fs and a repetition rate of ∼100 MHz. An asynchronous optical sampling technique was used for setting the time delay between the two lasers, so that a mechanical delay line is not required. The setup works in a transmission mode: the pump and the probe beam were focused into the sample with objective lenses, and the transmitted probe beam as well as the scattered light were detected by a photodetector. A LED light source was coupled into the setup for colocalized brightfield and fluorescence imaging. The design of the acoustic transducer was shown in Figure 6B. It has a sandwiched layer structure deposited on a sapphire substrate: Au/ITO/Au. The thickness of each layer was determined by considering: 1) the probe beam can efficiently pass through while the pump beam is mostly absorbed by the bottom Au layer; and 2) the acoustically resonant frequency of the transducer can be easily separated from the Brillouin frequency of the sample [74]. The backward scattered light of the transmitted probe beam will be reflected by the top Au layer and interfere with the probe beam itself at the photodetector. To conduct biological experiments (Figure 7), cells were placed on top of the transducer, and the average power of 0.4 mW and 1 mW was used for the pump and the probe beam, respectively. Considering the transmission of the transducer, about 0.3 mW was ultimately illuminated into the cell body. The acquisition time for each pixel is about 1–2 s. With the collection objective lens of 0.42 NA, the PU microscope can achieve axial resolution of ∼0.8 um for cellular samples [67, 69], which is a few times smaller than the optical depth of focus. In addition to the optical scheme in free space, the PU technology was recently demonstrated in a fiber-based setup [76], suggesting its potential as an endoscopy.
[image: Figure 6]FIGURE 6 | Schematic of laser-induced picosecond ultrasonics setup. (A) Representative optical setup. LED: light emitting diode; DM: dichroic mirror; OBJ1-OBJ2: objective lens; PD: photodetector. (B) Transducer design.
[image: Figure 7]FIGURE 7 | Brillouin imaging of fixed 3T3 cells. (A) Three cells (C1–C3) are shown in the image. (B–D) Depth images of three locations (indicated by the dashed lines in (A) Black circle indicates the location of filopodia. (E–F) Bright-field image and Brillouin image of a 3T3 cell. Adapted from Ref. [69].
One potential limitation of the PU technology is the temperature rise at the transducer-cell interface. Both simulation [67] and experiment [68] suggest an increase of 7°C–13°C above room temperature during the steady-state running. This may not only affect the biological function of live cells but also introduce artifacts to the measured Brillouin shift because it is temperature dependent. Another limitation is the depth of the imaging. Because high-frequency acoustic wave rapidly attenuates as it propagates, the detection of the PU signal should take place in the vicinity of the transducer, typically within 10 μm [74].
3 SUMMARY AND OUTLOOK
Brillouin scattering based elastography is an attractive toolbox for biophysics and mechanobiology because it provides a non-contact and label-free approach to probing biomechanics with (sub)cellular resolution in 3D. Although the confocal Brillouin microscopy is being recognized as an emerging tool in several aspects of biomedical research, one obstacle that hinders the wide adoption of this technology is the slow acquisition speed. To this end, stimulated Brillouin based techniques provide a promising future because they can generate Brillouin signal more efficiently by utilizing optically excited coherent phonons. In addition, the natural linewidth and the density of the material can be probed by cw SBM, which not only provides additional contrast mechanisms for mechanical imaging but also allows the direct quantification of longitudinal modulus under some circumstances.
In this Review, we introduced three variants of stimulated Brillouin based technology and summarized their technical features as well as performances. As shown in Table 1, the recent technological advance is certainly encouraging. Meanwhile, there are still limitations and challenges. First, the benefit of efficient Brillouin scattering in stimulated process is not yet reflected in the acquisition speed of the instrument. Currently, the acquisition speed of stimulated Brillouin is comparable to spontaneous Brillouin. This is mainly due to the less optimized signal detection. For cw SBM, an additional reason is that the current setup works in the weak non-linear regime thus has limited gain. Second, most of the existing setups work in the transmission mode, limiting themselves to thin, transparent, and/or homogeneous samples. However, many biological samples such as cell cluster and tissue are thick, translucent, and heterogeneous. To this end, an instrument working in reflection mode would be necessary. Third, the potential phototoxicity and the temperature-related artifacts caused by the high-power laser are not well characterized. In cw SBM, the continuous operation of the lasers not only limits the performance of the instrument but also cause considerable phototoxic stress to the sample. Ideally, a pulsed operation of SBM could significantly mitigate the above issue but requires comprehensive consideration of the laser parameters and the availability of the laser source. In PU, the significant temperature rise at the transducer-sample interface may alter the physiological condition of the sample and introduce artifact to the result. To avoid the temperature rise, thermal insulation method could be considered in the design of the acoustic transducer. In the future, with substantial technical innovations that overcome existing challenges, the stimulated Brillouin based technology is promising to become a visible instrument for biomechanical research.
TABLE 1 | Comparison of the representative stimulated Brillouin based instruments.
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“Notel [40]: SNR was measured by the ratio between the mean and standard deviation of SBG peak intensity after curve ftting. Sample: water; pump power: 250 mW; probe power: ~20 mW;
acquisition time: 20 ms.

"Note2 [61): Not specify how SNR was quantified. Sample: saturated brine solution; pump power: 400 mW (pulse energy: ~40 y, repetition rate: 10 kHz); probe beam: 41 mWsacquisition time:
0.2 ms.

Note3 [67]: SNR was measured by the ratio of the peak amplitude of the acoustic signal to the standard deviation of the noise background in the absence of signal in the same band. Substrate was
not specified. Pump power: 0.5 mW; probe power: 1 mW; acquisition time: 0.2 ms.
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