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Abstract

Since its first demonstration, stimulated Raman scattering (SRS) microscopy has become a 

powerful chemical imaging tool that shows promise in numerous biological and biomedical 

applications. The spectroscopic capability of SRS enables identification and tracking of specific 

molecules or classes of molecules, often without labeling. SRS microscopy also has the hallmark 

advantage of signal strength that is directly proportional to molecular concentration, allowing for 

in situ quantitative analysis of chemical composition of heterogeneous samples with submicron 

spatial resolution and subminute temporal resolution. However, it is important to recognize that 

quantification through SRS microscopy requires assumptions regarding both system and sample. 

Such assumptions are often taken axiomatically, which may lead to erroneous conclusions without 

proper validation. In this review, we focus on the tacitly accepted, yet complex, quantitative aspect 

of SRS microscopy. We discuss the various approaches to quantitative analysis, examples of such 

approaches, challenges in different systems, and potential solutions. Through our examination of 

published literature, we conclude that a scrupulous approach to experimental design can further 

expand the powerful and incisive quantitative capabilities of SRS microscopy.
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INTRODUCTION

Stimulated Raman scattering (SRS) microscopy was first demonstrated in 2008 by Freudiger 

et al. (1) as an alternative coherent Raman microscopy technique to the then-more-

popular coherent anti-Stokes Raman scattering (CARS) microscopy. Both SRS and CARS 

microscopy use synchronized pulsed lasers to coherently excite the inherent chemical 

vibrations of molecules. This contrasts with so-called spontaneous Raman scattering, 

where a single (typically continuous wave) laser source focused on a sample will cause 

spontaneous emission of photons of different wavelengths (i.e., energies) corresponding to 

vibrational energy differences with respect to the original laser source. While spontaneous 

Raman scattering affords broad and readily interpretable spectral information about a 
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sample, the probability of spontaneously emitted Raman photons is typically quite low with 

differential scattering cross-sections in the ~10−30 cm2 regime (2–4). Thus, if microscopy 

is desired via spontaneous Raman, acquisition times are often egregiously slow given 

the typical excitation wavelengths and maximum laser powers appropriate for biological 

samples. Coherent Raman scattering microscopies offer significantly faster and more 

sensitive Raman imaging via coherent nonlinear optical interactions, typically at the expense 

of broad spectral coverage and some spectral specificity (5, 6).

CARS microscopy has seen broad use in biophotonics research since its first demonstration 

but has largely fallen to the wayside of SRS microscopy (7–13). This is due largely 

to the shortcomings of CARS microscopy with respect to SRS microscopy. Specifically, 

CARS microscopy, though technically easier to implement and detect signal, suffers 

from a significant nonresonant background effect and spectral distortion (with respect to 

the spontaneous Raman spectrum). This nonresonant background and resultant spectral 

distortions (e.g., wavenumber shifts, peak broadening, peak intensity changes) make 

quantitative chemical analysis of CARS microscopy images difficult (14, 15).

SRS microcopy, in contrast, does not suffer from the nonresonant background issue. 

SRS signal arises from energy transfer between the two laser sources and the molecular 

vibration, with spectral features nearly identical to spontaneous Raman except for slight 

peak broadening related to the pulse duration and bandwidth of the lasers (16). Additionally, 

SRS microscopy offers the distinct advantage of signal strength that is linearly dependent 

on sample concentration. This affords SRS microscopy with fast, sensitive, label-free, 

and quantitatively intuitive detection of chemically specific imaging contrast of samples. 

Moreover, SRS microscopy is well suited for biological samples because Raman scattering 

of water vibrations is relatively weak and the typically used near infrared picosecond laser 

sources cause minimal photodamage due to heating and multiphoton ionization. Indeed, 

SRS microscopy has found its largest use in biophotonics as a label-free yet chemically 

specific alternative to more ubiquitously adopted fluorescence microscopy techniques. While 

fluorescence microscopy is a valuable tool with a relatively low barrier to utilize, the use of 

exogenous fluorophores has some commonly cited shortcomings (6, 12, 17–20), including 

label specificity, cytotoxicity, photobleaching, and color cross talk. SRS microscopy has 

found utility in a wide variety of biological applications, such as imaging pharmacokinetics 

(21–25), cellular and physiological metabolism (26–30), antibiotic susceptibility and 

resistance (31, 32), and histopathological diagnosis (33–36). Although such experiments 

could also be performed using fluorescent labels, the value of a label-free method that also 

provides quantitative insight is highly desirable for modern biological studies.

The growing popularity of SRS microscopy has led to an explosive growth of publications 

in recent years. There are abundant literature reviews dedicated to the discussion of coherent 

Raman scattering microscopy (9–12, 37–44). Instead of summarizing recent advances in 

SRS instrumentation and applications, we take a different approach and focus on an 

underappreciated aspect: quantification in SRS microscopy. With the combination of spatial 

information and vibrational chemical information acquired in SRS, even complex and 

temporally dynamic samples can be observed with quantitative insight. However, there 

are many pitfalls associated with quantification owing to complications such as sample 
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scattering and non-Raman background. The problem is analogous to one in fluorescence 

microscopy: while it is simple to compare the intensity of two fluorescent specimens, 

quantitation of concentration or other molecular properties is error prone and requires a 

thorough understanding of limitations and the careful use of proper methods (45–47). A 

detailed discussion of SRS-based quantitative analysis is missing in the literature. In this 

article, we focus on the common quantitative metrics afforded by SRS microscopy. The 

review is organized based on the five main categories of quantitative measurements in SRS 

microscopy based on a Web of Science search for “quantitative/quantify/quantification” + 

“SRS”:

1. Morphological measurements such as size, shape, or count of objects in a field of 

view;

2. Relative concentration measurements, where SRS signal strength is taken as a 

proxy for molecular concentration;

3. Absolute concentration measurements, where SRS signal is calibrated with 

respect to an analyte such that exact spatially resolved concentrations can be 

calculated;

4. Ratiometric measurements, where SRS signals from different vibrational peaks 

are proportionally compared to provide compositional insight; and

5. Spectrally dynamic measurements, where a vibrational peak (typically of 

a sensor molecule) shifts in wavenumber in response to changes in the 

microenvironment.

The relative prevalence of these five categories based on the search is shown in Figure 

1a. We explore these five categories of quantitative SRS microscopy and discuss their 

respective prevalence, utility, and potential pitfalls or shortcomings. For each category, 

we highlight only a few example applications to demonstrate the relevant method for 

quantitative analysis.

PRINCIPLES OF QUANTITATIVE STIMULATED RAMAN SCATTERING MICROSCOPY AND 
POTENTIAL CHALLENGES

Specific implementations of SRS microscopy have been extensively discussed in previous 

articles and reviews (1, 6, 41, 48). Briefly, pulsed laser sources produce synchronized pump 

and Stokes beams. The Stokes pulse train is amplitude modulated at >1 MHz frequency, as 

shown in Figure 1b. The pulse trains are spatially and temporally overlapped and aligned 

through a microscope, as depicted in Figure 1c. The detected beam is isolated and collected 

by a photodiode. The voltage output from the photodiode is sent into a lock-in amplifier 

to demodulate the SRS signal SSRS ∝ ΔIpump. Finally, the signal is fed to computer software 

that produces an image where pixel values correspond to SRS signal strength. The signal 

intensity detected is proportional to the concentration of the target molecule as shown in 

Equation 1:

SSRS ∝ C × V focal × σmolecule × Ipump × IStokes, 1.
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where C is the concentration of the target molecule, V focal is the focal volume, σmolecule is the 

differential Raman cross section of the molecule, and Ipump and IStokes are the intensities of 

the pump and Stokes beams, respectively. In principle, given the Raman cross-section, the 

concentration can be directly calculated. In practice, a calibration curve of SRS intensity 

versus concentration is typically obtained for quantitative analysis. The procedure is similar 

to the classical spectrophotometric analysis using Beer-Lambert’s law, except that the 

cuvette length is a hidden parameter (typically ~1 μm) that depends on the imaging 

condition (including beam size, objective numerical aperture, and condenser numerical 

aperture). When the sample and the calibration solutions are measured under the same 

imaging condition, the concentration of the unknown sample can be simply calculated as

Cunknown = Sunknown

S0
C0, 2.

where Sunknown is the signal strength of the unknown signal, S0 is the signal strength of the 

calibration sample, and C0 is the concentration of the calibration sample.

Although this seems straightforward, many pitfalls can obfuscate quantitative interpretation 

in imaging complex samples. The most notable challenge is light scattering. Light scattering 

is a ubiquitous process in optical imaging of biological tissues and other heterogeneous 

materials. Scattering decreases the amount of light reaching the objective focus, thus 

decreasing SRS signal intensity. It also reduces the amount of light collected by the 

photodiode, which further decreases the measured signal. Because the amount of light 

scattering cannot be directly measured, it is challenging to quantify concentration based 

on measured SRS intensity. This is due to calibration samples likely not having the same 

light scattering–induced signal intensity loss. To circumvent this challenge, either relative 

comparisons are made on similar samples, or an internal standard is necessary to correct for 

light scattering.

In imaging monolayer cell cultures, light scattering is typically negligible. However, there 

are other important considerations when absolute concentration is to be quantified. The first 

one is the non-Raman background. Non-Raman-induced pump intensity change is detected 

by the lock-in amplifier. This extraneous background may be due to transient absorption, 

photothermal process, and cross-phase modulation (49–51). These parasitic processes can 

contribute interfering background with respect to the SRS signal. This is particularly 

relevant when imaging molecules at low concentrations. In practice, any SRS imaging that 

is not targeting dominant species such as proteins, lipids, water, and nucleic acids should 

be scrutinized for background contribution. Various background removal methods have been 

developed to overcome this challenge (37, 50, 52, 53). The second consideration is cross 

talk. Like fluorescence, Raman peaks of different molecules may overlap with one another. 

Thus, separation of their contributions is necessary for quantitative analysis. Cross talk 

is particularly poignant for SRS signal from carbon-hydrogen (C-H) or carbon-deuterium 

(C-D) stretching, which is commonly used in SRS imaging. The third consideration is 

the nonuniform imaging intensity across the field of view. Due to chromatic and spatial 

aberration of the pump and Stokes beams at the objective focus, it is common that the 

intensity at the edge of the field of view is weaker than that at the center. Such field variation 
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must be corrected before applying any calibration curve obtained from solutions (54). A 

related but more subtle point is sample-dependent optical aberration that may influence 

quantification accuracy. Calibration is typically done in solutions, which introduce different 

optical aberrations than biological cells and tissue. This difference in optical aberration 

changes the effective laser intensity at focus and focal volume. Consequently, applying 

calibration of solutions to cells or tissues may bias the result. This effect is rarely considered 

but could lead to significant difference in signal intensity with high numerical aperture (NA) 

objectives and a large refractive index mismatch (55, 56).

Lastly, we must acknowledge the distinction between effective concentration and genuine 

concentration. In SRS imaging where absolute concentration measurements are made (by 

creating appropriate calibrations and accounting for the above pitfalls), it is ultimately a 

measurement of average concentration within the focal volume (i.e., effective concentration). 

When the measured molecule is contained within an area smaller than the focal spot size, 

the actual local concentration can be much larger than the effective concentration. This is 

an important consideration when measuring molecules in lipid droplets, vesicles, or other 

organelles (57, 58).

To ensure robust quantitative analysis, it is necessary to consider the aforementioned 

challenges and design proper calibration or other quantitative metrics that are not solely 

intensity dependent. In the following sections, we discuss a few major types of SRS-based 

quantitative analysis and provide some example applications.

MORPHOLOGICAL ANALYSIS

The first quantitative metric, morphological measurement, is not strictly unique to SRS 

microscopy and is, perhaps, the most straightforward and familiar. These measurements 

include qualities such as shape, size, number, orientation, spatial relation to other observed 

objects, or dynamics. Indeed, any microscopy with an appropriate contrast will provide 

morphological or spatial information about a sample. More unique to SRS, however, is the 

origin, quality, and temporal resolution of such acquired spatial information.

Specifically, the origin of the spatial information is still inherently chemical. Because the 

observed signal is ideally related only to the SRS process, any images formed can be thought 

of as a chemical map showing the presence of molecules vibrationally resonant with the 

chosen laser frequencies. Further, the relative intensity of pixels (i.e., the spatial contrast) is 

directly related to the concentration of resonant molecules at a given location within a field 

of view.

Regarding the quality of spatial information, there are a few important factors for SRS 

microscopy. First, the spatial resolution of images acquired with SRS microscopy is 

limited by the laser wavelengths in accordance with Abbe’s limit of diffraction. The lateral 

resolution (with a high NA objective) can be approximated as

dresolve = 0.541λpumpλStokes

λpump
2 + λStokes

2 NA0.91 , 3.
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where λpump and λstokes are the two wavelengths used for SRS, and NA is the numerical aperture 

of the objective (59, 60). As an example, a system using a pump wavelength at 800 nm and 

Stokes wavelength at 1,040 nm for C-H SRS imaging using a 1.0 NA objective should have 

a spatial resolution of ~343 nm.

Quantitative metrics based solely on morphological characteristics have found many uses, 

particularly in lipid droplet analysis (24, 61–65). Cao et al. (66) demonstrate an excellent 

use of morphological measurements in their work quantifying lipid droplets within cells in 

a microfluidic platform. They measure the number, size, distribution, and intensity of lipid 

droplets within thousands of cells. They manage the vast numbers of spatially segmented 

lipid droplets for analysis in a workflow depicted in Figure 2a. By leveraging the chemical 

difference between lipids (where CH2 signal is strong) and the rest of the cell (mostly CH3 

signal), they create segmentation maps for the lipids within cells in a field of view and then 

parameterize the lipid droplets based on an intensity threshold. The quantitative parameters 

they derive demonstrate the capabilities of SRS microscopy to produce relevant phenotypic 

markers in a label-free manner. In addition to size, shape, and number, SRS microscopy can 

also monitor lipid droplets over time within live cells (28). Time-lapse imaging provides 

dynamic information about the lipids and can be used to characterize lipid droplet function 

and potential disease states (67).

Aside from phenotyping biological samples, spatial metrics can also offer insight into other 

chemical and physical properties (63). As another example, Francis et al. (68) utilize the 

precise spatial metrics of SRS microscopy to track the dissolution of drug particles within a 

polymer matrix designed for slow release. By targeting the vibrational signature of entecavir 

versus the polymer matrix, they visualize drug particles in three dimensions (3D) using 

SRS, as shown in Figure 2b. The drug particles and their sizes are then monitored over 

time as the drug dissolves into the solution. The authors also validate that the change in 

size is proportional to the dissolved drug amount. This example shows that morphological 

measurements from SRS microscopy can have a variety of quantitative ends based on the 

experiment.

Because morphological metrics are independent of concentration, they are typically not 

affected by the challenges mentioned in the previous section. However, one potential pitfall 

is the segmentation method. As the metrics are strongly based on the effective pixel 

area designated as a lipid droplet or drug particle, it is important to distinguish signal 

from background. Improper thresholding in this regard would lead to potentially erroneous 

observations in size, location, or effective intensity of the area. To mitigate this risk, it is 

important to choose molecular targets that are strong and distinct from the background or 

other signal sources for the sample. In the above examples, this is achieved by targeting CH2 

bonds (strong and abundant, chiefly in lipid droplets) and carbon–carbon double bonds in 

the drug (strong and highly specific to the drug). However, for other samples, features may 

be less distinct within a heterogeneous mixture or weak in Raman signal. Even for lipid 

droplets, smaller droplets may be obscured by the limited spatial resolution of SRS, leading 

to erroneous results if the thresholding was done improperly (28). We note that contrast can 

be improved with deuterium labeling or exogenous vibrational labels with distinct spectral 
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features and minimal Raman background (27, 69–72) or by utilizing machine learning or 

deep learning to enhance visual contrast (73–77).

RELATIVE CONCENTRATION MEASUREMENTS

Relative concentration measurements comprise the largest proportion of studies that utilize 

SRS microscopy for quantitative measurements (Figure 1a). This is perhaps not surprising 

given the relative ease by which relative measurements can provide quantitative information 

without the complications and validations of more precise concentration measurements. 

Here we take relative concentration to mean any measurement or visualization of molecular 

presence via SRS microscopy that does not report an exact concentration for the molecule. 

This is often discussed in publications as SRS intensity. SRS intensity can be depicted 

as either normalized or non-normalized and is typically reported as arbitrary units (a.u.). 

These relative measurements are then used to draw quantitative comparisons between 

different samples or samples at different conditions. Such comparisons still rely on the linear 

dependence between SRS signal and molecular concentration. However, the conclusions 

being drawn do not require exact concentration knowledge.

Relative measurements can take on a variety of tasks in SRS imaging. One example is time-

lapse measurements that provide chemical insight into the dynamics of biological systems. 

For example, Hong et al. (31) demonstrate antibiotic susceptibility testing via SRS metabolic 

imaging. They show that antibiotic susceptibility can be predicted by monitoring glucose 

uptake within a single cell cycle. By targeting the C-D vibrational peak of deuterated 

glucose, they visualize uptake within live cells over the course of hours, as seen in Figure 3a. 

As the bacteria cells take up deuterated glucose, SRS signal at the corresponding 2,178 cm−1 

peak increases. When the strains are additionally treated with vancomycin, the susceptible 

line shows a marked decrease in deuterated glucose uptake while the resistant line remains 

the same. Although exact concentrations are not calculated here, the relative SRS intensity 

provides insight into uptake dynamics and thus antibiotic susceptibility.

Another example of how relative concentration metrics from SRS microscopy can provide 

valuable insight is Zhang et al.’s (33) label-free SRS imaging of monosodium urate (MSU) 

crystals in human gout tissue. In this work, Zhang and colleagues measured the relative 

intensity of the MSU as a function of distance from the center of tophi (the relevant gout 

tissue). A clear trend can be observed with respect to the MSU crystal presence in a patient’s 

tissue. Specifically, the cumulative SRS intensity, and thus, the total MSU crystal amount, 

increases towards the center of a tophus. This diagnostic information is potentially useful in 

understanding and characterizing the progression of gout.

These examples of relative metrics highlight the value of SRS microscopy’s inherent 

quantitative nature while avoiding the litany of problems associated with measurements 

of exact concentrations. Where scattering and background signal will obfuscate direct 

quantification, relative measurements are valid so long as comparison among sufficiently 

similar samples is performed under uniform conditions. Ultimately, relative metrics trade 

the precision of quantitative information for an ease of understanding and avoidance of 

particularly difficult, if not impossible, experimental calibrations. This can be particularly 

appropriate for methods involving machine learning for further mining data (78–80). It 
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is worth noting, however, that relative measurements make it difficult to compare results 

between labs, or even results from the same lab but obtained at different times where 

imaging conditions may be different. Reported results may be relevant more within the 

paradigm of one study rather than broadly applicable.

ABSOLUTE CONCENTRATION MEASUREMENTS

In contrast to relative measurements, absolute measurements provide exact numbers 

for concentration of observed molecular species in SRS imaging. They are important 

for comparison with other analytical techniques or deeper mechanistic understanding. 

Applications of absolute measurements are often shown in imaging of cultured monolayer 

cells, where scattering is negligible.

As discussed earlier, attaining absolute concentrations numbers from SRS images is, 

unfortunately, rarely as easy as making a calibration curve and then imaging the sample. 

In spatially and spectrally complex samples, interfering species, background, aberration, 

absorption, and scattering can all distort SRS signal with respect to a calibration curve based 

on solution images. Thus, significant care must be taken toward verifying the concentration 

numbers reported are accurate.

An example of absolute concentration measurement is Fu et al.’s (81) demonstration of 

intracellular quantification of tyrosine kinase inhibitors (TKIs). TKIs are drugs used in the 

treatment of specific types of cancers to inhibit cancer cell growth and proliferation. In 

the study, solution spectra of two TKIs, imatinib and nilotinib, were first acquired and 

then used to calculate intracellular drug concentrations of treated cells. The concentrations 

are calculated after spectral unmixing and background subtraction (Figure 4a). Specifically, 

compared to extracellular drug concentration, the drugs were shown to exhibit over 1,000-

fold enrichment in the lysosomes of the cells while cytosolic drug presence was below 

the sensitivity for the system. The enrichment of imatinib agrees with the expected results 

from the lysosomotropic effect. Disagreement in nilotinib enrichment can be attributed to its 

precipitation in lysosomes. Recent reports have also shown similar results, but without the 

same absolute concentration measurements (21). Here, the impact and potential of measured 

concentrations over simple relative uptake over time are clear: The drug uptake for given 

dosage concentrations can be tracked quantitatively to better understand drug disposition 

across many drugs and cell types.

One important note regarding label-free imaging for concentration measurements such as Fu 

et al.’s (81) demonstration is that hyperspectral imaging is imperative for proper calibration. 

This is due to background signal that interferes with the target molecule’s spectrum. Various 

spectral unmixing techniques have been developed and reported to this end (40, 79, 80). 

Unmixing techniques allow the background to be accounted for, thus enabling more precise 

concentration measurements.

Another approach to mitigate background contribution is to target deuterated signal 

molecules or other exogenous Raman vibrational reporters by working in the so-called cell 

silent region (~1,800–2,800 cm−1), where endogenous biomolecules have no vibrational 

contributions. For example, Miao & Wei (82) demonstrate the ability to characterize 
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polyglutamine protein aggregates within cells and provide concentration measurements 

of the different constituent proteins within aggregates (Figure 4b). They show significant 

aggregation of the proteins with deuterated glutamine levels in the millimolar range. In 

combination with size and ratiometric measurements of the aggregates, they also show the 

composition and steady concentration of nontoxic proteins within aggregates, suggesting a 

toxic protein scavenging functionality for the aggregates. It is worth noting that in deuterated 

samples, non-Raman background contribution may still contribute significantly, and either 

hyperspectral SRS or frequency modulation SRS may be needed to provide quantitative 

measurements of concentrations (52).

Absolute concentration measurement from SRS imaging is a somewhat underdeveloped 

branch of quantitative SRS measurements, likely due to the difficulty of obtaining controlled 

and verifiable quantitative information. However, subcellular concentration measurements 

within live and dynamic systems are significant and can provide unique mechanistic 

insight into various small molecules within cells or tissue. The demonstrations so far 

have been promising but ultimately remain limited by the challenges associated with 

attaining precise chemical information in complex samples. For example, Fu et al. (58) 

demonstrate measurements of acetylcholine concentrations at neuromuscular junctions in 

frog pectoral muscle using frequency modulation SRS. While concentrations were obtained, 

the small size of acetylcholine vesicles likely leads to underestimation of its concentration. 

Further, the tissue samples, though thin, still have a small amount of scattering, which may 

degrade the signal. Another example is Li et al.’s (84) work demonstrating the ability to 

measure concentrations of deuterated fatty acids within Caenorhabditis elegans tissue. It 

is challenging to determine the degradation of measurement accuracy due to scattering in 

experiments such as these. When unaccounted for, concentration may be underestimated. 

The problem is exacerbated in thick tissue. Indeed, to the best of our knowledge, absolute 

quantitative concentration measurements in thick tissue via SRS imaging have not yet been 

reported.

RATIOMETRIC ANALYSIS

Ratiometric measurements are a category of quantitative measurements based on the 

ratio of two vibrational peaks that provide quantitative information about the chemical 

composition of one molecular species or the relative abundance of two species. Ratiometric 

measurements can provide information about sample composition (62, 82–86), diagnostic 

histology (34, 87–90), chemical reaction dynamics (91), or biological metabolism and 

homeostasis (62, 92–95). The main advantage of ratiometric measurements is that the 

quantitative information is not susceptible to distortion due to absorption and scattering 

because they affect both peaks equally and thus cancel out in the ratio. However, 

background signals often have a different ratio that affects quantification when they have 

a non-negligible contribution to the overall signal. In this case, background subtraction is 

necessary before ratiometric analysis. To this end, spectral coverage and pulse duration play 

a significant role in the relative strength of SRS to background signal when broadband 

pulses are used. Spectral coverage refers to the observable vibrational bandwidth for a 

given SRS setup based on the laser pulse wavelengths, duration, and chirp (in the case of 

spectral-focusing SRS). If the peaks to be measured are far apart, yet are to be imaged either 
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simultaneously (74, 96, 97) or quickly in sequence (23, 48, 98), large spectral coverage is 

necessary to cover both peaks. Methods to broaden spectral coverage have also demonstrated 

significant background reduction (52, 99–101).

Shin et al. (102) demonstrate the ability to quantitatively measure breast cancer calcification 

composition by ratiometric SRS imaging, as shown in Figure 5a. Specifically, a calibration 

of carbonate content in hydroxyapatite based on Raman transitions in the fingerprint region 

is first acquired. The ratio between the carbonated and noncarbonated hydroxyapatite 

changes as a function of calcification composition. The calibration is then used to create 

compositional maps of calcifications in breast tissue ducts from human patients. As different 

samples are imaged, relationships between carbonate content and breast cancer pathology 

are elucidated. The significant change in carbonate percentage between benign calcification 

and neoplastic conditions provides a reliable quantitative metric for diagnosis. This example 

shows how ratiometric measurements of an endogenous species can give quantitative insight 

(here, compositional information) that augments regular diagnostic pathways for breast 

cancer.

Ratiometric imaging can also be used for metabolic imaging, where dynamic compositional 

information relates to cellular uptake and growth. For example, Du et al. (103) show that 

transcriptome data–mined phenotypic metabolic susceptibilities could be visualized with 

SRS by measuring the ratio between lipid and protein synthesis for different metastatic 

melanoma cell lines, as illustrated in Figure 5b. They note that the hypothesized correlation 

between differentiation and metabolism is treatment-targetable through the elevated fatty 

acid synthesis as visualized in the elevated CH2/CH3 (lipid/protein) signal ratio. This 

demonstrates the ability of ratiometric imaging to quantitatively measure metabolism among 

different cancer cell lines and elucidate potential cancer treatment targets. It is worth nothing 

that deuterium labeling SRS imaging has also be widely used in ratiometric measurements to 

study metabolism (27, 97, 104).

In ratiometric imaging, when the excitation wavelengths remain unchanged, we can assume 

that the scattering-induced signal loss for both SRS peaks is the same, thus obviating 

the significant challenges in acquiring absolute chemical measurements in tissue. This is 

likely why it is highly favored in SRS imaging of tissue. Ratiometric SRS imaging offers 

the practical quantitative information necessary to study and understand relevant chemical 

compositions of systems. Ultimately, ratiometric imaging provides a wealth of quantitative 

information with similar levels of ease as with relative concentration but with the added 

benefit of providing absolute metrics that can be compared across experiments.

SPECTRALLY DYNAMIC MEASUREMENTS

Spectrally dynamic measurements are dependent on the shift of a vibrational peak of a 

molecule due to the molecule undergoing some chemical or physical change. This, in effect, 

utilizes the molecule as a sensor of the local environment through SRS microscopy. The 

spectral shift can be measured through either hyperspectral SRS imaging or ratiometric 

imaging. However, in these measurements, the information sought is not about the peak 

intensity or the concentration, but the implied changes in the local environment of the 

molecule. The sensor molecule can be either endogenous or exogenous. Compared to 
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fluorescent or phosphorescent sensors, SRS sensors have the advantage of being less 

susceptible to unrelated environmental changes.

One example of spectrally dynamic measurements using a reporter is Wilson et al.’s (105) 

demonstration of a pH-sensitive mitochondria Raman probe. The reporter molecule shifts 

the center wavenumber of its alkyne peak in response to pH (Figure 6a). Further, this 

alkyne peak acts as a strong signal molecule in the cell silent region. The molecule is 

specific to the mitochondria within the cell, where pH can indicate mitochondrial health. 

As the pH environment of the probe changes, the ratio between the molecule’s SRS 

peaks at 2,230 cm−1 and 2,216 cm−1 changes accordingly, with the highest sensitivity 

corresponding to the pKa of the probe. Ratiometric imaging of the cells allows for the exact 

calculation of pH maps of the mitochondria within the cells. Further, because the reporting 

molecules are based on Raman signal rather than fluorescence, background fluorescence and 

photobleaching of the molecule are not concerns.

Aside from imaging the microenvironment using reporter molecules, more exotic 

measurements may also be attained through spectrally dynamic SRS measurements. For 

example, Figueroa et al. (106) demonstrate the ability to measure microscale temperatures 

by ratiometrically imaging water’s temperature-dependent vibrational peaks. Using a 

simultaneous imaging scheme, the authors ratiometrically calibrated two points in water’s 

O-H vibrational band to known temperatures. The same transitions were then imaged for 

cells being heated by an infrared laser. In this case, the intracellular water acts as an 

endogenous reporter to create temperature maps of cells. These temperature maps show that 

SRS imaging can provide quantitative insight into biological heating, as shown in Figure 

6b. The temperature maps shown by Figueroa et al. provide direct evidence of significantly 

lower mitochondria temperature than previously measured with fluorescence. Compared to 

commonly used fluorescent probes, the water-based Raman probe is less influenced by other 

environmental changes and may provide more reliable results. The use of simultaneous 

dual-band SRS imaging is critical to remove artifacts due to motion or perturbation of the 

system.

Besides small molecules for pH and temperature sensing, there have also been recent reports 

of using Raman reporters for gas molecule sensing (107) and mapping water solvation 

within cells (108, 109), showcasing the potential diversity of quantitative measurements 

possible through spectral shifts. The unique advantage of this type of measurement is that 

the spectral shape or peak position can be determined much more reliably and accurately 

than intensity. Though the examples are few so far for this type of quantitative SRS imaging, 

we expect significant growth in spectrally dynamic sensor molecule–based SRS imaging.

CONCLUSIONS AND OUTLOOK

SRS microscopy has established itself as a useful tool for quantitative chemical imaging. 

Through the wide variety of quantitative metrics, we expect SRS microscopy to continue 

growing in use across a broad range of biological and biomedical applications. While the 

challenges associated with quantitative measurements can be onerous, we have discussed 

potential strategies and solutions to maximize the capabilities of SRS microscopy. We have 
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also pointed out types of quantitative SRS imaging approaches that obviate the challenges of 

light scattering, such as ratiometric SRS imaging and imaging of Raman reporter molecules 

that are sensitive to their local environment. Although relative concentration metrics are 

still most common owing to their ease of use, we point out that the more accurate 

and robust ratiometric measurements offer desirable quantitative information that can be 

compared across experiments or even across different labs. Sample preparation and system 

configuration are much less demanding because scattering and aberration contributions are 

largely removed. However, for ratiometric measurements to work, it is necessary to have 

large and reproducible SRS spectral changes due to either the compositional variation of 

one molecular species or relative abundance change of two molecular species. Moreover, 

many of the ratiometric examples shown here used two distinct Raman peaks. It is common 

to have more subtle spectral changes of a group of Raman peaks (often with overlapping 

features). In those cases, chemometric approaches are necessary to quantitatively disentangle 

the spectral changes (84).

Determining the absolute, spatially resolved concentration of molecular species in 

living cells and tissues with SRS is highly desired but largely unfulfilled owing to 

many challenges. In a few limited cases (mostly cells in monolayer culture), absolute 

concentration is shown to offer unique insights into the molecular processes that are largely 

unattainable with relative concentration measurements. However, these measurements 

cannot be directly translated to tissue due to light scattering. A universal approach to 

scattering correction using internal standards is needed to enable quantitative concentration 

measurements in tissue. Toward that end, a recent approach using water as that internal 

standard offers hope for quantitative SRS imaging in tissue (110).

Regardless of the quantitative metrics used, it is important to stress that rigorous 

consideration of background and proper control or calibration are required for any attempt 

to generate accurate and reproducible SRS measurements of concentration, composition, or 

microenvironment. Non-Raman background is ubiquitous in SRS imaging. Its contribution 

to SRS imaging of minority species (including deuterated compounds) can be significant. 

Thus, it is recommended that hyperspectral SRS imaging is performed for quantitative 

measurements to better assess background contribution. In the literature, off-resonance 

images are often used for background assessment or removal. While it is a widely accepted 

practice, we need to exercise caution in choosing an appropriate off-resonance peak. 

Typically, a peak that is close to the on-resonance peak (e.g., <50 cm−1) should be used 

to avoid laser intensity or alignment changes.

Overall, the utility of SRS microscopy as a quantitative technique is thus far well 

demonstrated with many applications. With awareness of quantitative SRS microscopy’s 

challenges and limitations, we expect that the continuing advances in optical systems, 

technical implementations, and computer-aided data interpretation will only serve to further 

quantitative SRS microscopy as a powerful tool for the chemical imaging of biological and 

nonbiological systems.
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Figure 1. 
Types of quantitative stimulated Raman scattering (SRS) measurements and principles of 

SRS microscopy. (a) The five types of quantitative SRS measurements discussed in this 

review, representative figures for each, and their relative proportions in the literature based 

on a Web of Science search for “quantitative/quantify/quantification” + “SRS.” Percentages 

represent 73 publications in total. (b) Energy level diagram for the SRS process (left) 
and the pulse train modulation detection scheme commonly used for SRS microscopy 

(right). (c) A representative schematic diagram for a basic SRS microscope. In panel a, 

the representative spectrally dynamic subpanel adapted with permission from Reference 

105; copyright 2021 American Chemical Society. Morphological subpanel adapted with 

permission from Reference 66; copyright 2016 American Chemical Society. Absolute 

subpanel adapted with permission from Reference 82; copyright 2020 American Chemical 

Society. Ratiometric subpanel adapted with permission from Reference 103; copyright 2020 
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Nature Publishing Group. Relative subpanel adapted with permission from Reference 31; 

copyright 2018 American Chemical Society.
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Figure 2. 
Quantitative morphological analysis through SRS microscopy. (a) Imaging scheme and 

workflow of lipid droplet imaging and analysis based on lipid droplet size, number, 

and intensity. (Left) Representative images of lipid signal (CH2), protein signal (CH3), 

the respective lipid droplet masks, and cell masks created are shown left. (Right) The 

distribution of measured lipid droplet parameters across all cell images are shown right. 

Panel adapted with permission from Reference 66; copyright 2016 American Chemical 

Society. (b) Representative time-lapse images of entecavir within a polymer matrix 

dissolving into solution (left) and the correlation between measured volume decrease and 

dissolved entecavir (right). Panel adapted with permission from Reference 68; copyright 

2018 American Chemical Society. Abbreviations: 3D, three-dimensional; SRS, stimulated 

Raman scattering.
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Figure 3. 
Relative concentration measurements through SRS microscopy. (a) Representative SRS 

images (left) of deuterated glucose uptake in vancomycin-susceptible and vancomycin-

resistant enterococci with and without 20 μg/mL vancomycin dosing. Raman intensity 

spectra (middle) of the carbon-deuterium signal in the two lines with and without 

vancomycin. Comparison of average Raman intensity for the two conditions for each 

enterococci line (right). *** indicates p-value <0.001 Panel adapted with permission from 

Reference 31; copyright 2018 American Chemical Society. (b) Brightfield (left) and SRS/

second harmonic generation (green/red, respectively) of human gout tissue. Distances from 

the center of the tophus are shown. The cumulative SRS intensity of the monosodium 

urate crystals at 0, 10, and 20 mm away from the tophus center. N = 40 for each 

distance group using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. NS 

indicates “No Significance” in the difference. **** indicates p-value <0.0001 Panel adapted 

with permission from Reference 33; copyright 2021 Ivyspring International Publisher. 

Abbreviations: NS, no significance in the difference; SRS, stimulated Raman scattering.
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Figure 4. 
Absolute concentration measurements with stimulated Raman scattering (SRS) microscopy. 

(a) Spectra of lysosome-sequestered (i) imatinib and (ii) nilotinib and solution spectra of 

the same drugs, time-lapse observed intracellular concentration of (iii) imatinib and nilotinib 

(iv), and representative images of BaF3 cells treated with (v) imatinib and nilotinib (vi). 
Panel adapted permission from Reference 81; copyright 2014 Nature Publishing Group. 

(b) Spontaneous and stimulated Raman spectra of the deuterated glutamine (i) and the 

linear response of its SRS signal with respect to concentration (ii). (iii) Representative 
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carbon-deuterium SRS images with noted deuterated glutamine-tagged mHtt-97Q protein 

in intracellular protein aggregates. Panel adapted with permission from Reference 82; 

copyright 2020 American Chemical Society.
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Figure 5. 
Ratiometric measurements through SRS microscopy. (a) SRS spectra (upper left) of 

hydroxyapatite (blue) and carbonated hydroxyapatite (red) and the relevant Raman 

transitions for ratiometric comparison (960 cm−1 and 1,070 cm−1). The ratiometric 

calibration curve of carbonate content (lower left). Representative ratiometric images of 

carbonate content in breast calcifications at various levels of neoplastic progression and 

measured carbonate content for each pathological category. Panel adapted with permission 

from Reference 102; copyright 2020 Ivyspring International Publisher. (b) Representative 

SRS images (left) of various melanoma cell lines of varying differentiation at the lipid 

peak (2,845 cm−1; red), protein peak (2,940 cm−1; blue), and the ratio of lipid/protein 
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(bottom). The average lipid/protein signal ratios across the different cell lines (right). Panel 

adapted with permission from Reference 103; copyright 2020 Nature Publishing Group. 

Abbreviations: ADH, atypical ductal hyperplasia; DCIS, ductal carcinoma in situ; IDC, 

invasive ductal carcinoma; SRS, stimulated Raman scattering.

Manifold and Fu Page 26

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2023 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Spectrally dynamic measurements with SRS microscopy. (a) The Raman dye molecule (i), 
mitokyne, and its SRS spectra (ii) showing the shifting peak in response to different pH. 

(iii) The SRS intensity ratio of 2,230/2,216 cm−1 with respect to pH (iv). Representative 

SRS images of HeLa cells treated with mitokyne at different controlled pH values at 2,216 

cm−1, 2,230 cm−1, and their ratio. Panel adapted with permission from Reference 105; 

copyright 2021 American Chemical Society. (b) SRS difference spectra of liquid water at 

various temperatures (i). The calibration of the spectral intensity ratios and temperatures 

(ii). Temperature map images (iii) based on SRS signal of an A549 cell being heated with 

an infrared laser at different positions. Thermal decay curves (iv) with respect to distance 

for each field of view. Panel adapted with permission from Reference 106; copyright 2020 
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American Chemical Society. Abbreviations: a.u., arbitrary unit; SRS, stimulated Raman 

scattering.
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