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Introduction

Drug discovery and development is a high-cost, high-risk, and time-intensive task, averaging 

approximately 12 years and $1.8 billion to launch a new drug.1,2 It begins with the 

identification of a therapeutic target and culminates in the development of a safe and 

effective drug. This pathway encompasses numerous stages, including target identification, 

lead compound discovery, preclinical testing, and multiple phases of clinical trials. Despite 

the rigorous methodologies employed and the tremendous progress in many pharmaceutical 

advancements (e.g. targeted therapies for cystic fibrosis, antiviral for Hepatitis-C virus, 

EGFR inhibitors for lung cancer, etc.) over the past decades, drug development and 

translation remain challenging with roughly 90% of clinical drug development failing. 

This does not even account for the failure rate of drug candidates advancing from the 

preclinical stage to phase I clinical trial.1,3 Factors contributing to this high failure rate 

include inadequate efficacy, unforeseen toxicity, poor pharmacokinetics, and challenges 
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in drug delivery.1,4 The complexity of biological systems, coupled with the limitations 

in our ability to predict the behavior of drug molecules within these systems accurately, 

exacerbates these challenges.

To reduce the attrition rate and accelerate the drug discovery and development process, 

more human-disease-relevant biological models are needed to quantitatively assess drug 

pharmacokinetics, pharmacodynamics, drug toxicity, and drug efficacy.1,5 The traditional 

in vitro 2D cell culture widely used in early drug discovery falls short in recapitulating 

the complex cell-to-cell interaction and microenvironments found in tissue. Consequently, 

drugs that appeared promising in simple cell cultures frequently failed in later stages 

of development due to inefficacy or toxicity in more complex biological contexts.6,7 

Complex in vitro models such as spheroids, stem cell- or patient-derived organoids, 

tissue slices, and organ-on-a-chip are increasingly implemented in the earlier stages 

of drug discovery and development to identify risk early and validate targets that are 

more likely to be successful.8,9 However, the use of these complex models places new 

requirements on the analytical tools needed to characterize heterogeneous drug absorption, 

distribution, metabolism, and response. Traditional biochemical assays for measuring these 

key properties are no longer sufficient as they do not provide any spatially resolved 

information critical for quantitative analysis and modeling. Chemical imaging, a class 

of analytical tools capable of generating spatially resolved chemical maps, potentially 

overcomes these challenges. The most widely used chemical imaging techniques are based 

on fluorescence, Raman, infrared, or mass spectrometry. Each has unique strengths and 

weaknesses. Fluorescence-based techniques (e.g., fluorescence microscopy, fluorescence-

activated cell sorting, fluorescence-based high-throughput screening, fluorescent sensors, 

etc.) are commonly used to detect and quantify cell apoptosis, signal transduction, enzyme 

activity, protein expression, protein binding, and environmental/metabolic changes (e.g. pH 

or redox state).10–17 These fluorescence readouts serve as proxies of cellular responses to 

drug treatment. Direct visualization of drugs is also possible when the drug is naturally 

fluorescent or tagged with a fluorophore, allowing the study of drug uptake, intracellular 

trafficking, and target engagement.18–21 However, fluorescent drugs are uncommon, and 

tagging small molecule drugs could significantly alter their physicochemical properties.22,23 

In contrast, Raman interrogates the vibrational modes of molecules through the inelastic 

scattering of light. It is label-free and thus could potentially be used to directly detect 

many different drugs using their unique vibrational spectra. However, Raman suffers from 

low cross-section and weak signals. The typical detection sensitivity of Raman is in the 

millimolar range, compared to the single molecule detection limit of fluorescence.24–29 

Infrared imaging probes molecular vibrations just like Raman. It has higher detection 

sensitivity but suffers from a severe water absorption background and limited imaging 

depth.30,31 The spatial resolution is also much worse. Thus, it is not as widely used as 

Raman imaging for drug studies. Mass spectrometry imaging (MSI) is a powerful analytical 

technique that combines detailed chemical analysis from mass spectrometry with spatially 

resolved mapping, allowing for the visualization of the distribution of drugs, metabolites, 

lipids, proteins, and other relevant biomolecules in tissue sections.32,33 Compared to 

fluorescence and Raman imaging, MSI offers unparalleled specificity and multiplex 

detection capability, which is essential for studying drug metabolism and understanding 
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the drug’s mechanism of action.34 The main limitations of MSI are complex sample 

preparation, destructiveness, difficulty in 3D imaging, and quantification challenges due 

to matrix effects.34,35

In this review, we focus on the application of Raman imaging, especially its advanced form 

– coherent Raman scattering (CRS) microscopy, in drug discovery and development. As 

mentioned earlier, the unique ability of Raman to directly probe drug molecules label-free is 

a major advantage for a wide range of problems from intracellular drug disposition and drug 

penetration in tissue to drug formulation optimization. However, traditional Raman imaging 

based on spontaneous Raman effects suffers from several key limitations that prevent 

its widespread adoption in drug discovery and development, such as its incompatibility 

with fluorescence, slow imaging speed, low throughput, and poor sensitivity. Many of 

these limitations can be addressed with advanced Raman imaging techniques, particularly 

stimulated Raman scattering (SRS) and coherent anti-Stokes Raman scattering (CARS) 

microscopy, two popular variants of CRS. CRS offers several orders of magnitude higher 

imaging speed than traditional Raman, thus enabling high-resolution and high-throughput 

chemical imaging of living biological cells and tissues.24 These are highly desirable 

attributes essential for longitudinal tracking of drug uptake, drug distribution, and drug 

response.

Both spontaneous Raman and CRS have been used to study drug distribution and drug 

response within biological cells and tissues. Several reviews have covered the application of 

Raman spectroscopy (RS) and Raman imaging of biological cells and drug distribution.36–

42 Surface-enhanced Raman scattering (SERS) is outside the scope of this review. Rapid 

advances in CRS imaging in the past decade have catalyzed many biological and biomedical 

applications, such as tissue diagnosis, lipid metabolism, and drug imaging.43–45 Many 

of these technical advances and applications have been reviewed in recent years.46–55,64 

Here, we focus specifically on the contributions of Raman and CRS to drug discovery and 

development in the last few years. An overview of the topics covered in this review is shown 

in Figure 1. We target innovations in three application areas: 1. Visualizing and quantifying 

drug distribution in cells and tissues; 2. Monitoring the metabolic and phenotypic response 

of drug treatment; 3. Imaging drug formulations to optimize drug stability and drug delivery. 

In the end, we provide a discussion of the strengths and weaknesses of various imaging 

approaches and offer our perspective on the future directions of Raman imaging in drug 

discovery and development.

RS and CRS background, methods, and implementations

RS is an optical technique that interrogates the vibrational modes of molecules through the 

inelastic scattering of light. This effect manifests as scattered photons losing or gaining 

energy equal to the vibrational bond energy of a molecule. Typical implementations of 

Raman imaging would be a confocal Raman microscope, in which a monochromatic laser 

light source, typically 532, 633, 785, or 1064 nm, is used to interact with molecules at the 

optical focus. Raman scattered photons are collected by the same objective and separated 

from the excitation laser with a dichroic mirror and a notch filter. By spectrally separating 

and detecting these photons with a spectrograph, a Raman spectrum is determined and 
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used to identify compounds based on their unique vibrational signatures. The technique has 

gained popularity in drug imaging for its ability to directly analyze drug molecules without 

the need for labeling. As such, RS-based studies promise a more accurate tracking of drug 

molecules in their natural environment while allowing for simplified sample preparation. 

However, the feeble Raman scattering process leads to slow imaging speed, low sensitivity, 

and poor compatibility with fluorescence. These limitations severely hamper its ability to 

study living biological systems with high spatial or temporal resolution.

CRS techniques overcome the inefficiency of Raman scattering through coherent excitation 

of molecular vibrations.46,24 In CRS, two ultra-short laser pulses, typically denoted as pump 

(λp) and Stokes (λS), are focused onto a sample through a high numerical aperture objective 

lens. At the optical focus, the interaction of the spatially and temporally overlapped 

two laser pulses generates vibrational coherence when their energy difference matches a 

molecular vibrational transition (λp – λS = Ω). Four coherent Raman processes occur 

following the vibrational excitation: coherent anti-Stokes Raman scattering (CARS) detected 

at 2λp – λS, coherent Stokes Raman scattering (CSRS) detected at 2λS – λp, stimulated 

Raman gain (SRG) at λS, and stimulated Raman loss (SRL) at λp.46,56 The detection of 

the blue-shifted CARS photons can be easily achieved with a photomultiplier tube (PMT) 

similar to a two-photon laser scanning fluorescence microscope. In comparison, CSRS 

detects the red-shifted Stokes photons, which is much more difficult due to the overlap 

with the fluorescence background.57 In stimulated Raman scattering (SRS), either the SRG 

and/or SRL effect is detected. The intensity changes due to SRS are small, on the order of 

10−7-10−4. Signal collection is often achieved through a modulation transfer scheme with a 

lock-in amplifier.

Both CARS and SRS microscopy can acquire Raman images at orders of magnitude 

faster speeds when compared to spontaneous RS approaches. Fluorescence interference is 

typically less of a concern. Compared to SRS, CARS microscopy suffers from a broadband 

non-resonant background that arises from an electronic four-wave mixing process.46 

This ubiquitous background distorts the Raman spectrum, complicates concentration 

determination, and degrades sensitivity. Some of these CARS limitations can be overcome 

with the maximum entropy method or Kramers-Kronig transform to reconstruct real Raman 

spectra.58–60 However, a large spectral range is needed, which places constraints on the 

laser bandwidth and imaging speed due to the slow camera-based spectral acquisition. 

In comparison, SRS is free from the non-resonant background due to the requirement of 

vibrational excitation.24 The signal scales linearly with concentration, facilitating straight-

forward quantitative analysis.61 However, SRS requires modulation and phase-sensitive 

lock-in detection, which increases the complexity of the setup. Moreover, a low-noise laser 

is typically required, making the use of low-cost fiber laser and supercontinuum generation 

difficult. As a result, it also suffers from the limited bandwidth of solid-state lasers and 

the resulting narrower spectral range compared to broadband CARS imaging.62 Despite 

these limitations, since the initial demonstration of SRS, it has been gaining popularity 

owing to the aforementioned advantages over CARS. Signifying this popularity, SRS 

has seen tremendous technological development in recent years, providing unprecedented 

measurement capabilities, such as temperature measurement, pH measurement, biorthogonal 

probes, super-multiplex imaging, and single virus detection, etc.63–69
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Imaging drug molecule distribution and delivery in cells and tissues

Direct imaging of cellular drug uptake and distribution

Many drug molecules have distinct Raman bands that facilitate their direct imaging and 

quantification in biological cells. In particular, drugs with vibrational signatures in the 

silent Raman window from 1800–2700 cm−1 can be readily separated from the cellular 

background. This is commonly achieved with either deuterium labeling or small Raman 

tags such as alkyne (-C≡CH) and nitrile (-C≡N). Some drugs already have the alkyne or 

nitrile group. For instance, El-Mashtoly et al. achieved subcellular imaging of erlotinib 

using confocal RS in 2014, integrating RS intensity of the C≡C bond (2085 to 2140 

cm−1) as a label-free drug marker in colon cells.70 Later, Aljakouch et al. applied a 

similar approach to study the spatial distribution of neratinib, which has a nitrile group 

at 2208 cm−1.71 In both studies, computational modeling was applied to RS spectra 

for metabolite discovery. Imaging in the fingerprint region is possible when drugs have 

high local concentrations and/or large Raman cross-sections. LaLone et al. developed 

a RS screening platform to measure the drug loading of nilotinib across time within 

macrophages.72 More recently, Koga et al. investigated the intracellular distribution and 

condensation of poorly water-soluble drug molecules, focusing primarily on all-trans 

retinoic acid (ATRA).73 By normalizing the RS intensity of ATRA (C=C at 1580 cm–1) 

to extracellular water, quantitative visualization of ATRA concentration within single cells 

over different incubation times was achieved. These studies showcase RS’s capabilities 

in investigating subcellular drug pharmacokinetics and metabolism in a label-free manner. 

However, spontaneous Raman imaging faces limitations in speed, often on the order of many 

minutes to hours, constraining imaging mostly to fixed cells.

Compared to spontaneous Raman, SRS microscopy enables quantitative, rapid, non-

perturbative, and high-resolution chemical imaging of small-molecule drugs in live 

biological cells. This powerful capability was demonstrated by Fu et al. in an early study of 

the quantitative distribution of tyrosine kinase inhibitor (TKI) drugs imatinib and nilotinib 

in cultured leukemia cells.26 They showed that the unique Raman signatures of these drugs 

in the fingerprint region 1200–1500 cm−1 can be used to quantify their concentrations 

at submicron spatial resolution through linear regression. They measured over 1,000-fold 

enrichment of the drugs in cell lysosomes. Moreover, they demonstrated direct imaging of 

synergistic drug-drug interactions by observing the absolute concentration changes of two 

different drugs, imatinib and chloroquine. Similar SRS imaging strategies of live cells have 

been employed in several later studies investigating the uptake of other TKI drugs, including 

ponatinib74 and 7RH75. In both cases, the intrinsic C≡ C vibration was used for SRS drug 

imaging.

It is important to note that the SRS detection sensitivity is limited to low millimolar 

concentrations while many drug dosages are at micromolar levels, far below the 

detection limit. Therefore, SRS can only detect drugs that are highly enriched in cellular 

compartments. It is well-established that weakly basic drugs are selectively accumulated 

and trapped in acidic organelles, especially lysosomes, due to acid-base thermodynamic 

equilibrium.76–78 This common effect facilitates the imaging of many different drugs, 

Dunnington et al. Page 5

Anal Chem. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particularly kinase inhibitors, a large fraction of which are weakly basic. Enrichment of 

drugs in other organelles such as mitochondria may also allow SRS to overcome the 

detection sensitivity limit.79,80 Engineered Raman tags offer a potential route to increase 

detection sensitivity. They were first introduced by Yamakoshi et al. in 2012 and developed 

to target low molecular weight compounds with minimal perturbation.81 Since then, Raman 

tags have seen widespread development as multiplexable Raman probes.64,66–68 Bae et al. 
synthesized mitochondria-targeting compounds and used SRS to monitor real-time cellular 

accumulation.82 They found that a reduction in the mitochondrial membrane potential 

causes significant decreases in both the uptake rate and intracellular concentrations of 

their mitochondria targeting agent. Yuan et al. developed drug-like compounds to directly 

characterize lysosomal sequestration of drugs and their influence on cell functions with 

SRS.83 They studied the internalization of lysosomotropic compounds and their influence 

on lysosomal metabolism. Despite these efforts, direct tagging of drugs still requires 

enrichment due to low sensitivity. Even in the best case, detection sensitivity is in the 

hundred micromolar range for small alkyne tags.84

The quantification capability of SRS imaging can be used to further investigate drug uptake 

mechanisms. Oda et al. applied SRS for real-time visualization of an anesthetic, propofol, 

and monitored the dynamics of propofol binding in neuron cells.85,86 Dong et al. used 

SRS to understand the orientation of amphotericin B (AmB) in pathogenic fungi using 

polarization-sensitive SRS.87 The authors visualized the distribution of AmB by targeting 

fingerprint C═C stretching vibrations at 1556 cm−1 and 1602 cm−1 (Figure 2a.i–ii.) and 

revealed that AmB distribution is highly ordered. AmB was found to primarily be oriented 

parallel to the laser polarization direction and perpendicular to the axis of CH2 groups in the 

membrane (Figure 2b), supporting the classical ion channel model in which AmB vertically 

forms transmembrane tunnels. Wong et al. utilized SRS microscopy to study the intracellular 

uptake dynamics of several lysosome-sequestering epidermal growth factor receptor (EGFR) 

inhibitors, including lapatinib, afatinib, gefitinib, and osimertinib.88 By spectrally unmixing 

the drug and cellular components in the 1400–1600 cm−1 fingerprint region, they were able 

to quantify the intracellular concentration of TKIs (Figure 2c). By perturbing facilitated 

drug transport through organic cation transporters (OCTs) and ATP-binding cassette (ABC) 

transporters with known transporter inhibitors, they determined that OCT1 and ABCB1 

transporters play an important role in lapatinib and afatinib transport.

Collectively, both RS and CRS studies highlight the potential of quantitative Raman imaging 

to reveal drug uptake, distribution, and metabolism at subcellular resolution. To overcome 

the challenge in sensitivity, current research takes advantage of the organelle enrichment 

of drugs to push concentrations into the millimolar range or target drug compounds with 

high Raman cross-section (e.g. conjugated C=C bond). The cytosolic concentrations of 

drugs without enrichment remain out of reach. Understanding drug metabolism is another 

challenging task due to the often-unknown changes of drugs inside cells or significant 

spectral overlap between drugs and their metabolites. Given that ~50% of FDA-approved 

kinase inhibitor drugs are weakly basic and enriched in lysosomes, Raman imaging will 

continue to play a role in understanding pharmacokinetics at the cellular and subcellular 

level. Such a capability will become more important as studies move beyond simple 2D cell 
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culture to more disease-relevant complex 3D cultures with large cell-to-cell heterogeneity, 

including 3D spheroid, organoids, tissue slices, or organ-on-a-chip.

Imaging drug penetration in tissue and transdermal delivery

Imaging drug distribution in tissue presents additional challenges compared to cellular 

imaging. Although RS and CRS microscopy can retain subcellular resolution, the signal 

decays rapidly with tissue imaging depth due to light scattering. Confocal Raman imaging 

is reported to have a typical imaging depth of ~100 um in tissues, varying based on wave-

length, configuration, and sample.89,90 CRS imaging depth has been reported to be higher, 

reaching 300 μm in brain tissue.91,92 Optical clearing improves imaging depth but likely 

disrupts drug distribution.93

With confocal Raman imaging, Woodhouse et al. quantitatively detected alkyne- and 

isotope-tagged drug molecules in rat liver and brain biomimetic tissue models.94 The 

tissue was sectioned very thin (~16 μm) to minimize out-of-focus fluorescence. After 

normalization to a calibration curve for each given drug/tissue combination, alkyne-tagged 

drugs were measured at 34 ± 6 μg/g drug/tissue mass ratio in liver, and 18 ± 5 μg/g in rat 

brain. This study showcased the ability to quantify small-molecule drugs in tissues such 

as the liver that are highly auto-fluorescent under laser illumination.94 The drug signatures 

in the Raman silent region exhibited a lower fluorescent background compared to the 

fingerprint region. In renal tubules, Sperati et al. identified the spectroscopic signature 

of intratubular triamterene crystals, a diuretic that is linked to kidney stone formation.95 

Spencer-Dene et al. combined CARS imaging with an miRNAscope In Situ Hybridization 

(ISH) assay and CARS imaging to monitor the distribution of bepirovirsen in murine kidney 

and liver tissues.96 While a few studies have explored direct imaging of drugs in internal 

organ tissue, the overwhelming majority have focused on the skin. This is likely due to the 

accessibility and integrity of skin tissue samples and their ease of preparation for imaging.

Permeation into and/or through the skin is vital for the delivery of topically applied drugs 

to their intended sites of action. Drug molecules must penetrate through the skin’s lipid-rich 

stratum corneum (SC) layer (10–20 μm in humans) to the viable epidermis and dermis 

tissue beneath or even to the bloodstream to be distributed systemically throughout the body 

(transdermal delivery).97,98 Observing and measuring the interactions between drugs and 

the skin, as well as the dynamics of permeation, reservoir formation, and sustained release, 

indicate how well a formulated product delivers the drug to its intended site at effective 

concentrations. Methods to evaluate such processes in vitro (Franz diffusion cell) or in 
vivo (i.e. skin biopsy or tape stripping method) are often variable, difficult to reproduce, 

require long measurement time, and are highly invasive or disruptive to the skin layers.99 In 

contrast, non-destructive Raman-based drug imaging, despite its limited imaging depth, can 

probe drug permeation through the thin SC and epidermis layer.

Raman imaging has been implemented for direct, quantitative mapping of drug compounds 

in topical formulations and their delivery into the skin and appendages.100–103 For example, 

drug delivery and absorption events were interrogated at the interface between porcine skin 

and (trans)dermal formulations.104 A depth profile of nicotine penetration into the SC after 

patch application indicated that nicotine transport was nearly steady-state after being applied 
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for 2 h. Raman mapping was also used to characterize unwanted fentanyl structural and 

chemical changes when the adhesive delivery system was improperly used.105 For topical 

drugs that localize in the skin, RS has been utilized to characterize bioavailability within 

the targeted area. Zarmpi et al. employed confocal Raman imaging to identify the strongly 

Raman-active model skin penetrant 4-cyanolphenol (CP) at least 10–40 μm into the skin, 

below the SC.106 Using amide I signal from keratin in skin tissue, they were able to 

normalize the drug signal with respect to imaging depth when collected “top-down”. This 

method was used to assess depth-dependent CP uptake (1, 2, or 6 h) and clearance (after 

6 h of uptake) from multiple CP-containing formulations. Further studies using CP have 

focused on chemometric spectral unmixing methods to quantify depth-dependent permeation 

of CP into the skin107 and a comparison to direct quantification of SC drug content with 

tape-stripping procedure108. Recently, time-dependent uptake and distribution of CP were 

measured using SRS imaging to provide improved depth resolution compared to confocal 

Raman.109

CRS imaging offers a robust approach for real-time quantitative analysis of cutaneous 

pharmacokinetics with different tissue models. Sarri et al. applied CARS and two-photon 

excited auto-fluorescence to image the penetration of high concentrations of deuterated 

glycerol in ex vivo and in vivo skin.110 They found that xanthan gel retains glycerol on 

the skin surface for constant release. Ito et al. developed an innovative phase-modulated 

(PM)-SRS scheme to improve low-concentration drug detection and measured penetration 

of a skin moisturizing agent, an anesthetic, and a nonsteroidal anti-inflammatory in vitro.111 

With their PM-SRS, they demonstrated 40 times higher signal contrast compared to 

conventional amplitude-modulated SRS. PM-SRS further revealed a detailed spatial and 

temporal pharmacokinetic profile at the tissue surface layer over 240 min through mean 

intensity change at the 1184 cm−1 (C−C stretching) Raman shift of loxoprofen (Figure 3a).

Feizpour et al. combined SRS and deep learning to model the diffusion and uptake of 

topical drugs through skin tissue.112 Convolutional neural networks were trained to identify 

regions of the drug of interest. By monitoring drug distribution over time, they were able 

to quantitatively track drug penetration kinetics through different skin layers. Kuzma et 
al. further studied cutaneous pharmacokinetics through the development of a 3D-printed 

microfluidic device compatible with CRS imaging for relative concentration monitoring 

following drug product application.113 This platform was utilized to measure ruxolitinib 

uptake concentration-time profiles of two formulations into layers of frozen nude mouse 

ear skin. Recently, Iliopoulos et al employed SRS to assess the permeation of tazarotene, 

a topical retinoid, through various skin microstructures.114 By scanning the 1590 cm−1 

band for tazarotene and the 2870 cm−1 lipid band for skin structure, they were able to 

visualize and quantify drug permeation over time (Figure 3b). With their pharmacokinetic 

imaging method, drug bioavailability within different skin layers was successfully quantified 

and allowed for the first assessment of bioequivalence among various topical formulations 

with similar active pharmaceutical ingredient (API) content. CRS has also been combined 

with other label-free quantitative imaging methods for drug detection and qualifying drug 

exposure-induced tissue structure changes.115,116
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The diverse drugs studied in vitro and ex vivo highlight the potential of CRS for studying 

the pharmacokinetics of various drug and formulation products applied topically. However, 

several limitations remain. The strong tissue scattering limits the imaging depth in the skin 

to the dermal-epidermal junction and the upper dermis layer. Tissue clearing can enhance the 

imaging depth but it may interfere with drug permeation.93 Few APIs have distinct Raman 

peaks; thus, Raman imaging and CRS of drugs often suffer from spectral interference from 

formulation ingredients and tissue background signals. Raman tagging in the silent window 

and advanced data analysis tools may help mitigate these challenges.

Imaging nanocarrier-based drug delivery

Many drugs have difficulty penetrating tissue to reach their targets. This is particularly 

challenging for central nervous system diseases (CNS) due to the presence of the 

blood-brain barrier (BBB).117 Nanoformulations, which are drug delivery systems 

featuring engineered encapsulation of drug cargo, promise significant enhancements of 

pharmacological profiles, drug circulation, membrane transport, and target specificity.118 

Examples of FDA-approved drugs include liposome-based nanoformulations Onivyde and 

Doxil Caelyx.119 More recently, lipid nanoparticles were the technological basis for 

the development of successful COVID-19 vaccines.120 Tracking drug delivery through 

nanocarriers is a challenging task. Commonly used fluorescent tagging of nanoparticles can 

alter nanoformulation efficacy.22,23 Label-free chemical imaging of the nanocarrier offers an 

alternative approach to examining cargo loading, targeting, and release.

RS has been used to investigate nanocarrier properties.42,121–124 Penders et al. developed 

an imaging platform method called Single Particle Automated Raman Trapping Analysis 

(SPARTA) for the label-free, nondestructive analysis of nanoparticles.125 The platform 

combined optical trapping with Raman spectroscopy to characterize the composition, 

size, and dynamic processes of individual nanoparticles at high throughput. The 

authors successfully demonstrated the advanced capabilities of SPARTA by analyzing 

different nanoparticle formulations, including liposomes and polymersomes as well as the 

functionalization of polystyrene particles. Since its initial demonstration, SPARTA has been 

used to study a multitude of nanoparticle systems in recent years.126–128 Saunders et al. 
adapted SPARTA to distinguish cargo location and loading heterogeneity within nanoparticle 

populations.129 They generated a theoretical model and showed a positive, linear correlation 

between the encapsulating polymer and cargo mass for membrane loading and a much 

lower, cubic relationship for core loading. This relationship allowed them to introduce a 

semiquantitative test to distinguish these loading behaviors (Figure 4a).

For tissue imaging, it is necessary to have fast imaging capability to identify the 

sparse distribution of nanocarriers. CRS techniques have emerged as a powerful tool to 

quantitatively image nanoparticle distribution in tissue. In 2018, Godfrey et al. showed the 

first demonstration of CARS to investigate the distribution of nanoparticle delivery to the 

brain through a nasal route.130 The authors dosed rats with deuterated GCPQ and revealed 

the distribution of nanoparticles by scanning the 2100 cm−1 C−D band across several 

brain regions. Bera et al. utilized CARS microscopy and fluorescence life-time imaging 

microscopy to probe the delivery and distribution of self-amplifying mRNA (SAM) lipid 
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nanoparticle (LNP) vaccine delivery.131 CARS was used to visualize and quantify the spatial 

biodistribution of SAM-LNPs within cells, by focusing on the lipid-rich regions in the 

1400 – 1600 cm−1 fingerprint region. With their multimodal imaging method, the authors 

demonstrated that uptake of SAM required around 5 h. Additionally, it was also possible to 

classify empty LNPs and SAM-LNPs with ~90% accuracy from the lipid:protein ratio from 

CARS spectral information.

Vanden-Hehir et al. synthesized polymeric NPs and visualized their uptake in ex vivo murine 

brains with SRS.132 Specifically, the authors synthesized two Raman-active Poly(lactic acid-

co-glycolic acid) (PLGA) analogs, namely PLGA-D (deuterium-labeled) and PLGA-alkyne 

(alkyne-labeled). These analogs were then fabricated into nanoparticles and their distribution 

was characterized by SRS. The SRS images demonstrated the internalization of these 

nanoparticles, particularly PLGA-alkyne, by primary rat microglia over a 24-h period, with 

no observed toxicity. Additionally, with ex vivo mouse brain slices, widespread distribution 

of alkyne-labeled nanoparticles was observed throughout the tissue. Most recently, Gao et al. 
applied SRS microscopy to visualize PLGA nanoparticles with single-particle sensitivity.133 

The authors identified a distinct ester vibrational with PLGA at 1768 cm−1 that allowed 

label-free detection of PLGA nanoparticle distribution across different biological systems 

such as macrophage cells, skin, tumors, and liver. With their single-particle imaging 

capability, Wei et al. recently applied SRS to track and quantify nanoformulations entering 

the brain across different brain regions (Figure 4b).134 By monitoring the characteristic 

peak of poly(n- butyl cyanoacrylate) nanoparticles at 2249 cm−1, the authors were able to 

generate several unique metrics from single-particle tracking to determination of the number 

of nanoparticles crossing the BBB, the number of nanoparticles in each cell type across 

different brain regions, and the heterogeneity of BBB transport with respect to age.

Although nascent, the exciting advancement of CRS technologies to look at nanocarriers 

for drug delivery opens new avenues to study and improve nanoparticle-based drug delivery 

systems. Research to date has focused on imaging the nanocarrier itself instead of the 

drug due to its stronger signal. Simultaneously tracking drug delivery within cells, although 

challenging, could be transformative in better understanding drug delivery and optimizing 

nanoformulations.

Imaging drug response through biochemical and metabolic changes

Monitoring drug-induced biochemical response

While direct imaging of drugs offers valuable insights in mapping drug distribution and 

studying drug transport, this approach does not work for drug concentrations below the 

detection sensitivity. Additionally, given the complexity of the biological environment, 

the drug Raman spectrum could heavily overlap with native biomolecules, leading to 

difficulty in quantifying drug concentration even if sensitivity is not a problem. Instead, by 

leveraging the chemically rich information contained within Raman spectra, the examination 

of changes in cellular content such as lipid, protein, and nucleic acid at a sub-cellular 

scale in response to drug treatment is an alternative to understanding drug dynamics.38,135 

A multitude of studies have been published in recent years on applying RS to identify 

biomarkers and biochemical changes associated with drug treatments.136–145 For example, 
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Hammoud et al. explored the impact of EGFR mutations on cellular responses to different 

TKIs.146 By identifying differences in Raman spectra before and after drug treatment, large 

spectral changes were detected that indicated alterations in cellular composition. Later, they 

employed RS microscopy in combination with a deep wavelet scattering-based multivariate 

analysis framework to evaluate the potency, effectiveness, and distribution of lapatinib and 

neratinib in breast cancer cells.147 This approach discriminated between control cells and 

drug-treated cells with high accuracy, demonstrating significant changes in the spectra of 

drug-treated cells, particularly in regions associated with lipids, proteins, and nucleic acids. 

Furthermore, colocalization analysis of RS spectra combined with fluorescence imaging 

revealed the distribution of lapatinib that binds to EGFR and HER2 receptors. Yay et al. used 

RS to analyze kidney tissue damage by antioxidants and cisplatin.148 Cao et al. applied RS 

to assess the efficacy of obeticholic acid and gigantol for treating liver fibrosis.149 Li et al. 
monitored drug-induced cytotoxicity and detected cytotoxicity earlier than MTT assay with 

RS.150

Despite the potential demonstrated by these studies, as mentioned earlier, RS is hindered 

by slow image acquisition speeds rendering large datasets difficult to acquire. As such, 

efforts have been made to increase the throughput of drug studies by developing new 

RS-based platforms. For example, LaLone et al. developed a Raman cytometric platform 

to measure cell content at picogram scale.151 The authors accomplished this by creating 

single-cell-sized micro-calibration standards of known composition. Using an inkjet printer 

to deposit biomolecular components to make microarrays across the surface of silicon chips, 

the authors were able to monitor phospholipidosis for cells treated with amiodarone. Later, 

they developed a quantitative Ramanomics (qRamanomics) approach for detailed analysis 

of 3D liver models in response to drug exposure.152 Their approach involves a robust data-

processing and calibration pipeline, allowing the label-free, multi-factorial, chemometric 

phenotyping of biospecimens through confocal Raman imaging. With qRamanomics, their 

compared drug response of 3D primary human hepatocytes (3D PHH) and induced 

hepatocyte-like cells (3D iHLC), revealing distinct differences in lipid distribution and 

colocalization of other major biomolecules across drug treatment (Figure 5a). Furthermore, 

the platform enabled the mapping of biochemical and drug components within organoids 

at high resolution (Figure 5b). Importantly, this study demonstrates the capability of RS to 

monitor phenotypic alterations in the biochemistry of cells without requiring any tagging.

Kawagoe et al. developed a multiwell Raman plate reader for high-throughput biochemical 

screening.153 By employing an array of high numerical aperture lenses positioned beneath 

each well of a standard multiwell plate, they parallelized RS data acquisition to achieve 

100-fold speed improvement compared to serial acquisition. With this system, the authors 

studied drug polymorphism, alkyne-tag screening, and mapped large samples. An adaptation 

of the multiwell RS system was used in 2023 to examine drug-induced cellular changes in 

3D cell spheroids.154 They investigated biochemical changes of HeLa and HepG2 spheroids 

subjected to Actinomycin D (ActD) and Free Fatty Acid (FFA) treatments, respectively. 

In ActD-treated HeLa spheroids, Raman spectra revealed dose-dependent changes with a 

significant increase in the Raman intensity at 1485 cm–1, and a decrease in the Raman 

intensity at 1585 cm–1 was observed with ActD treatment at a concentration range of 

0.3–10 μM (Figure 5c.i–iii.). Notably, 3D spheroids exhibited greater resistance to ActD 
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compared to their 2D cultured counterparts. In the FFA-treated HepG2 studies, Raman 

spectra exhibited concentration-dependent alterations, including lipid accumulation and 

cytochrome oxidation. A positive correlation between the intensity at 1445 cm–1 and FFA 

concentration was observed, indicating FFA concentration-dependent lipid accumulation in 

the hepatocytes. These findings were validated with cell viability assays, confirming the 

capability of RS to capture cellular responses.

Compared to RS, CRS typically has a much narrower spectral range, and the majority of 

studies focus on the C–H region (~2800–3050 cm−1) due to high signal intensity. Masia 

et al. demonstrated the capability of hyperspectral CARS microscopy in the C–H region 

to screen 15 combinations of drugs and lipids in a liver cell line.155 Through the sparse 

sampling of wavenumbers and spatial x-y, coupled with the utilization of a Bessel beam 

for high-throughput imaging and a support vector machine (SVM) for the discriminative 

classification of drug response, the authors successfully distinguished two deleterious drug-

induced liver injuries ― steatosis and phospholipidosis. Similarly, Tipping et al. in 2022 

showed that C–H SRS imaging with spectral phasor analysis could be used to observe drug-

cell interactions of different statins, an inhibitor of 3-hydroxy-3-methylglutryl coenzyme 

A (HMGC) reductase that is prescribed to lower cholesterol levels.156 By projecting the 

SRS spectrum spanning the C–H region from each pixel within the hyperspectral stack 

onto a two-dimensional phasor plot, they revealed differences in intracellular lipid content 

in breast cancer cell lines after drug treatment with atorvastatin and rosuvastatin. In a 

subsequent study, Hislop et al. analyzed the effect of an acetyl-CoA carboxylase inhibitor 

TOFA on lipid droplets (LDs) in prostate cancer cells with SRS microscopy and multivariate 

analysis.157 The study revealed an over-reliance of prostate cancer cells on de novo lipid 

synthesis for metabolic requirements from the significant reduction in LD content after 

TOFA treatment, which was not observed in normal prostate cell models. Baek et al. used 

SRS to observe the drug-induced effects of their synthesized novel chalone drug.158 They 

found that treated cells were blebbing and accumulated lipid-like substances, indicative of 

drug-induced apoptosis. Additionally, Zhang et al. utilized SRS imaging in the fingerprint 

region to identify ergosteryl ester as a marker of azole-resistant Candida albicans by probing 

lipogenic pathways in drug-susceptible and resistant strains.159

The spectral change in the C–H region, although reflecting underlying lipid, protein, and 

nucleic acid compositions, is often subtle and ambiguous due to the lack of sharp spectral 

features as seen in the fingerprint region. To better leverage these subtle changes for drug 

studies, new efforts have been made to apply more sophisticated deep-learning approaches 

to understand spectral change at a subcellular level after drug treatment. Shi et al. used 

hyperspectral-CARS microscopy in conjunction with a weakly supervised deep learning 

model to investigate the effects of an antisense oligonucleotide drug, bepirovirsen, in murine 

cells.160 They developed a hyperspectral attention net (HAN) to identify informative spatial 

regions at a subcellular level in tissue imaging data. HAN highlights the spatial areas 

indicating drug-induced changes as seen in Figure 5d.i. It was observed that the 2900–3050 

cm–1 spectral range revealed patterns correlating with HAN attention scores (Figure 5d.ii.). 

Interestingly, the informative areas predicted by HAN had a high degree of similarity with 

in situ hybridization staining, supporting the capability of HAN to reveal drug-induced 

biochemical changes.
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Drug-induced senescence is another area that has been explored with SRS imaging. Oh et 
al. introduced a quantitative SRS technique called normalized Raman imaging (NoRI) in 

2022.161 The basis of NoRI lies in its normalization algorithm in which SRS intensities at 

2935 cm−1 (protein), 2853 cm−1 (lipid), and 3420 cm−1 (water) peaks of pure species are 

used to create a 3×3 calibration matrix. By applying this calibration matrix to normalize 

scattering-dependent signal loss, the authors were able to precisely quantify the water, 

protein, and lipid mass within cells and tissues. They measured absolute cellular content 

changes of live MDCK and A7 cells treated with doxorubicin. Both cell lines showed 

a significant reduction in cytoplasmic dry mass and protein concentrations in senescence 

compared to proliferating interphase cells. In 2023, Bresci et al. combined CARS and 

SRS with quantitative phase microscopy to investigate cell senescence.162 The authors 

found alterations in cell volume, thickness, and dry mass in the HepG2 cells following 

deferoxamine- or radiation treatment. Lipid droplet characteristics, such as volume and dry 

mass, also exhibited notable changes during treatment, indicating senescence manifestations 

as early as 24 h after treatment.

Overall, RS and CRS are shown to be able to detect drug-induced biochemical changes in 

a label-free manner without prior knowledge. RS offers rich chemical information with low 

throughput, while CRS provides high-speed imaging at submicron spatial resolution, albeit 

limited to the C–H region in most studies. In either case, monitoring biochemical changes 

typically involves developments in machine learning and deep learning methods to extract 

key differences in biochemical content within cells. The use of absolute concentration 

through normalization procedures as shown in NoRI facilitates comparison across many 

different cell types and conditions. We expect that further developments in advanced 

data processing and acquiring additional chemical features promise a more unbiased and 

comprehensive understanding of drug-induced biochemical changes. These developments 

will facilitate the adoption of Raman imaging for high-content drug screening in both 2D 

cell cultures and complex 3D tissue cultures.

Tracing metabolic changes in response to drug treatment

Besides monitoring the overall biochemical changes of proteins, lipids, and nucleic acids, 

a more specific approach to monitoring drug response is to quantify metabolic changes 

through stable isotope tracing. Stable isotopologues containing 13C, 2H, etc. are often 

utilized in Raman-based imaging to track metabolic pathways.163 With small mass changes, 

these compounds retain a similar structure and size without altering their cellular metabolic 

functionalities yet provide enhanced chemical contrast by shifting the vibrational frequency 

to a position that is distinct from endogenous molecules. In particular, deuterium tracing 

is most commonly used because it shifts the Raman peak to the cell-silent spectral region, 

enabling sensitive detection without cell background interference.39,164 This method is 

attractive for tracing the distribution and localization of newly synthesized proteins, lipids, 

and other biomolecules in single cells through the uptake of labeled metabolic substrates 

such as glucose or water.165 Drug molecules perturb these metabolic processes and thus drug 

response can be indirectly probed through Raman imaging of metabolically incorporated 

isotope labels.
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With confocal Raman imaging, deuterium isotopic probing has been used to reveal 

drug-induced metabolic response heterogeneity in cancer and fungal cells and determine 

antimicrobial drug sensitivity. Hekmatara et al. investigated organelle-level biosynthesis in 

rapamycin-treated yeast and cancer cells with deuterated water.166 Their findings revealed 

differential protein and lipid metabolic activity in the cell compartments in response to 

treatment. For example, de novo protein biosynthesis was highly active within the nucleus 

of cancer cells and de novo lipogenesis was inhibited in cancer cells, while the activity 

of both was inhibited in the lipid bodies. Meanwhile, syntheses of both biomolecules 

were dose- and duration-dependent in the cytoplasm. More recently, Zhao et al. developed 

a technique to utilize multiplexed vibrational probes for single-whole-cell mapping of 

metabolic fluxes.167 Cell culture medium was supplemented with deuterated branch-chained 

amino acids and deuterated palmitic acid to probe protein and fatty acid metabolism, 

respectively. Concentration profiles were constructed through the decomposition of the 

composite spectra into the distinct, pure spectra of the deuterated probes. The application 

of these tags directly measured the activity of the two pathways in response to treatment 

with five drugs with known metabolic inhibitory effects. Raman-based susceptibility testing 

has been introduced for rapid, label-free identification of an effective antimicrobial drug 

and dosage for bacterial colonies. Deuterated probes, such as water, are ideal for this 

application due to their compatibility with complex clinical urine and blood samples.168 Yi 

et al. developed a fast Raman-assisted susceptibility test (FRAST) to detect single bacterial 

metabolic activity when treated with antibiotics.169 The authors found an overall agreement 

of 88% between conventional susceptibility testing and FRAST for four Gram-negative and 

two Gram-positive bacteria strains in response to 38 antibiotics.

CRS imaging methods provide similar capabilities but at much higher throughput. SRS 

imaging has shown to be a powerful tool for rapid antimicrobial susceptibility testing.170–174 

For example, Chen et al. developed a metabolic imaging method to determine antifungal 

susceptibility within 4 h.175 By monitoring the intracellular conversion of D2O or glucose-d7 

to C–D bonds in proteins, lipids, and DNA, the authors successfully demonstrated the 

use of metabolic change as a marker for rapid susceptibility testing (Figure 6a.i). The 

antifungal drug amphotericin B was found to inhibit metabolism at high concentrations 

(≥1 μg/mL) by monitoring the average cellular C–D intensity. By comparing to the SRS 

intensity of the untreated cells, a C–D ratio of 0.55 was determined to be the threshold for 

determining the single-cell metabolic change concentration (lowest concentration of drug to 

detect significant metabolic change) for this drug and cell strain (Figure 6a.ii). In contrast, 

other antifungals, including fluconazole and voriconazole, stimulated metabolism at high 

concentrations. Drug susceptibility of bacteria was monitored through D2O incorporation.176 

Metabolic response was observed within 10 min after medium supplementation with 70% 

D2O. The authors determined a minimum inhibitory concentration for 36 different bacterial 

samples.

Alongside antimicrobial susceptibility testing, SRS microscopy has been implemented to 

profile anticancer drug response in cultured 2D cancer cells and 3D spheroids. Huang et 
al. presented high-throughput multiplex SRS imaging cytometry to study single pancreatic 

cancer cell metabolic response to starvation and gemcitabine-induced stress conditions.177 

Their findings indicated that stress-resistant pancreatic cancer cells contained protrusions 
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high in lipid content for local energy production. Tan et al. identified reprogramming 

in cisplatin-resistant cancer cells from glycolysis-dependent to fatty acid beta-oxidation-

dependent anabolic metabolism.178 The authors found that cisplatin treatment induced a 

metabolic shift to increased fatty acid uptake of palmitic acid-d31 and oleic acid-d34 instead 

of increased lipogenesis. Xu et al. used deuterated essential amino acids to quantify single-

cell growth rates as a ratio of the incorporated C–D bonds from newly synthesized labeled 

proteins and the total C–H bonds from unlabeled proteins.179 With ratiometric C–D/C–H 

SRS, they observed variations in metabolic and morphological response to different drugs, 

including the TKIs gefitinib and lapatinib as indicated in Figure 6b.i., as well as paclitaxel 

and etoposide. Using data from hundreds of single cells at each drug concentration, they 

were able to obtain a half-maximal inhibitory concentration (IC50) that is consistent with the 

MTT assay. Interestingly, they observed potential concentration-dependent subpopulations 

in response to lapatinib, indicating potential cellular heterogeneity within the monoculture 

of isogenic cells. A major advantage of the ratiometric SRS method is that it applies to 

3D cell culture (Figure 6b.ii.). The authors measured cell growth rate in 3D tumor spheroid 

treated with gefitinib and observed much higher IC50 compared to 2D culture, suggesting 

that drug sensitivity strongly depends on the microenvironment of the cells. The single-cell 

drug response measurement capability offers distinct advantages compared to traditional cell 

viability assays, especially when it comes to complex 3D cell culture. Traditional assays 

only provide the average response of the sample and do not account for cell heterogeneity or 

detect subpopulations of cells with differential drug responses.

Compared to biochemical composition changes, metabolic changes offer higher specificity 

in drug response, especially when specific and/or multiple metabolic pathways are probed. 

However, they are intimately related as metabolic change gives rise to compositional change. 

Deuterium tracing facilitates the extraction of dynamic and small changes that may be 

difficult to observe with overall biochemical composition. The use of D2O as a metabolic 

substrate, as shown in antibacterial and antifungal drug testing, offers a convenient readout. 

However, mammalian cells cannot tolerate high concentrations of D2O. Their growth is 

also much slower, which makes the use of D2O for drug response monitoring more 

challenging. Nevertheless, the availability of other deuterated substrates, including sugar, 

amino acids, and lipids, offers many possibilities for drug response measurements with 

RS and CRS. Most of these studies to date are still focused on cultured cells. However, 

extending measurements of drug-induced metabolic changes to complex tissue models such 

as patient-derived organoids is entirely feasible and will be interesting to explore in the near 

future.

Imaging dynamic changes in drug formulations

Outside biological samples, Raman-based techniques have increasingly been utilized in 

characterizing pharmaceutics formulations.180,181 When drugs are taken up into the body, 

pharmacokinetics, including drug absorption, distribution, metabolism, and excretion, can 

be significantly impacted by drug formulation. Drug formulation comes in a wide variety 

of formats, such as solid tablets, capsules, injectables, implants, etc. Chemists tend to 

focus on the active pharmaceutical ingredients (API), but drug formulations also contain 

many other excipients such as lubricants, binders, and diluents to improve drug stability 
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and bioavailability. Raman imaging is highly versatile in the analysis of various types of 

pharmaceutical dosage forms ranging in opacity, pigment, physical state, and sampling 

configuration.180

Pharmaceutical formulations typically have well-defined APIs and excipients. Due to its 

inherent specificity, Raman imaging has shown to be useful in the analysis of solid 

pharmaceutical samples and the classification of different APIs and their structures.182–189 

Importantly, Raman can also be used to characterize chemically identical forms of an API 

that differ in crystalline lattice structures or molecular conformations known as polymorphs. 

Polymorphism plays an important role in drug dissolution, thermodynamic stability, and 

API bioavailability.181,190 Grand et al. developed a fast Raman imaging technique using 

compressive sensing for rapid characterization and mapping of clopidogrel polymorphs and 

three excipients in tablets with a pixel dwell time of 2.5 ms.191 Fateixa et al. identified 

the transition of carbamazepine p-monoclinic into carbamazepine triclinic after heating 

treatment.192

One of the challenges of imaging solid dosage forms is strong light scattering and shallow 

imaging depth with Raman. Tablets are usually sectioned while powders are pressed to 

provide relatively uniform backscattering signals. Alternatively, reflection-based feedback 

mechanisms for focus tracking have been used for curved, non-flat surfaces.193 The 

surface imaging capability of Raman is suitable for investigating drug surface coating. For 

example, carnauba wax dry-coating heterogeneity and thickness on paracetamol particles 

were analyzed with confocal 3D Raman mapping (Figure 7a.i).194 The inner structure of 

multiple particle size fractions was characterized per pixel, where each pixel is color-coded 

based on its correlation to pure Raman spectra of paracetamol and carnauba wax (Figure 

7a.ii). The authors found that regardless of particle size, the coating had variable thickness 

at 5.9 ± 4.2 μm. The coating was found to be either intact wax particles stuck on the surface 

or deformed particles spread along the surface. Interestingly, increased particle size and 

tableting lead to slower API dissolution as less surface area was exposed to the dissolution 

medium.

Due to the shallow imaging depth, Raman or fluorescence signals from the capsule shell or 

surface coating tend to dominate signals from subsurface components. Interrogating internal 

matrix content is important for evaluating layered structures and identifying inhomogeneities 

or defects in the inner core.195 Serial sample sectioning and image reconstruction have 

been used to achieve 3D volumetric mapping of tablets with Raman imaging.196 Spatially 

offset Raman spectroscopy (SORS) or transmission Raman spectroscopy has also been 

integrated into pharmaceutical studies to address the penetration depth issue at the expense 

of spatial resolution. The accuracy of carbamazepine polymorph and cocrystal quantification 

with transmission geometry notably exceeded that of the conventional backscattering 

modality.197,198 A spatial offset either from a lateral displacement between the position of 

the collection of Raman photons and the laser irradiation spot or from sample displacement 

(defocusing) has provided a more in-depth analysis of solid-state form changes of multi-

layer and multi-component tablets and coating thickness.199–201 However, these studies lack 

spatial resolution because diffusely scattered Raman photons are collected.
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Besides visualizing drug component distribution in formulations, another important 

application of Raman is imaging and tracking the dynamic processes of formulation stability 

and dissolution/solubilization over time. For example, Fateixa et al. used confocal RS 

imaging to investigate degradation mechanisms and tablet compositional changes under 

various storage conditions.202 Abouselo et al. revealed a reliance on salt disproportionation 

reactions for excipient-influenced microenvironmental pH in situ.203 Excipients also 

influence API release, which can be determined with in vitro dissolution profiles. Galata 

et al. utilized convolutional neural networks to evaluate chemical maps obtained through fast 

Raman imaging to predict dissolution profiles of sustained-release tablets.204,205

For dissolution monitoring and stability study, CRS imaging offers distinct advantages 

over spontaneous Raman owing to its high-speed imaging capability. Francis et al. used 

continuous in situ 3D SRS imaging to monitor the dissolution of individual entecavir 

particles in a long-acting implant drug formulation for treating chronic hepatitis B.206 

Figueroa et al. applied SRS to monitor the salt disproportionation reaction, an undesirable 

outcome indicating drug instability, of pioglita-zone hydrochloride (PIO-HCl) at low drug 

loading (1% w/w) in the presence of excipient magnesium stearate (Mgst).207 Through a 

partial least squares fitting of Raman spectra spanning a spectral window of 1560–1760 

cm−1, they were able to accurately track the salt disproportionation reaction and revealed the 

role of water in mediating proton transfer between PIO-HCl and Mgst. Wei et al. revealed 

potential alterations to tablet properties by subjecting them to accelerated aging with high 

heat and high humidity conditions.208 The 1350–1450 cm−1 and 2700–3100 cm−1 Raman 

bands were selectively sampled to target key regions informative to changes of the API, 

naproxen (Figure 7b.i). They observed significant modifications in the surface area and grain 

size of both naproxen and the crucial excipient, hydroxypropyl methylcellulose (HPMC) 

under stressed conditions (Figure 7b.ii).

CRS imaging has also been used to study formulations of biological drugs. Recently, Wong 

et al. applied SRS to study silicone oil-induced protein drug aggregation in subcutaneous 

formulations used in prefilled syringes.209 Using hyperspectral SRS imaging in the C–H 

region as well as spectral phasor and nonnegative linear least squares regression analysis, the 

study segmented subvisible particles within a stressed therapeutic solution at a submicron 

resolution (Figure 7c.i.). Anodisk and polycarbonate filters were used to immobilize 

protein aggregates and increase the imaging throughput for compositional quantification 

of individual particles of varying sizes (Figure 7c.ii.). Spectral unmixing revealed that the 

subvisible particles in the formulation are predominantly a combination of protein and 

silicone oil components, challenging traditional morphological metrics that oversimplify the 

categorization of particles.

As more Raman imaging studies are carried out in various drug formulations, it is 

foreseeable that Raman will play an increasingly important role in understanding drug 

stability and drug bioavailability. The fast-imaging capability of SRS is particularly powerful 

for investigating dynamic processes of dissolution, polymorphic changes, and microscale 

chemical reactions with high spatiotemporal resolution. However, it is also important to 

recognize the inherent imaging depth limitations of Raman techniques. Although techniques 

like SORS and transmission Raman can still be used to measure bulk chemical composition, 
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the loss in spatial resolution and sensitivity in low drug loading situations will be a major 

challenge. A combination of Raman imaging and SORS together with other spectroscopy 

and imaging techniques such as micro-CT or NMR may provide a more comprehensive 

picture to tackle challenges in designing better pharmaceutical formulations.

Conclusion and Future Prospects

Drug discovery and development is a costly process. Despite tremendous progress in 

the past decade that led to many breakthroughs, particularly in targeted cancer drugs, 

biologics, immunotherapy, RNA-based therapies, etc., the high failure rate in translating 

drug candidates to FDA-approved therapeutics is still a formidable challenge. The landscape 

of pharmaceutical drug discovery and development is continually evolving, with current 

trends emphasizing targeted therapies and personalized/precision medicine. These new drug 

development efforts require a deep understanding of drug-target interaction at both the 

molecular and cellular levels in complex biological models that recapitulate many aspects 

of in vivo human conditions. Chemical imaging, particularly advanced Raman techniques, 

can play a pivotal role in addressing this challenge by offering unprecedented insights into 

the dynamic spatial distribution and metabolism of drug molecules as well as their effect on 

cells within complex biological matrices.

In this review, we highlighted recent developments in applying both traditional Raman and 

CRS techniques to study drug transport, uptake, metabolism, and effect in biological cells. 

Applications to drug formulations are also discussed. SRS has proved to be a powerful 

tool for direct imaging of small molecule drugs with or without distinct Raman peaks in 

the cell silent region. A prominent example is the quantitative SRS imaging of weakly 

basic drugs, including many kinase inhibitors that are selectively enriched in lysosomes. 

Imaging of other drugs is mostly limited by poor sensitivity, which is typically at the low 

millimolar range. The use of alkyne or nitrile Raman tag helps quantification by avoiding 

cellular background, but they do not significantly boost sensitivity unless large, conjugated 

chromophore groups are introduced, which may perturb drug uptake and function. When 

direct drug imaging is not possible, the metabolic or phenotypic changes of cells can be 

used as a proxy to determine drug response. It has been shown that de novo lipid or protein 

synthesis and fatty acid uptake are frequently perturbed under drug treatment, thus SRS 

imaging in the C–H region can be an effective tool for imaging single-cell drug response. 

An alternative approach uses deuterated metabolic substrates as tracers to probe metabolic 

activities directly. This method has been effective for susceptibility and efficacy testing 

in antibiotic, antifungal, and anticancer drugs. A significant advantage is that single-cell 

drug response can be measured, potentially allowing detailed studies of variability in drug 

resistance, and understanding its mechanism.

It is interesting to compare Raman and SRS in the context of cellular imaging. There is 

a convergence in maximizing the information throughput by increasing traditional Raman 

speed or increasing SRS spectral coverage. Both are challenging but are actively pursued. 

Acquiring full (or at least a broad coverage) Raman spectrum is important for detecting 

subtle changes that can better characterize drug metabolism or subtle metabolic changes in 

cells. SRS has not been able to reach the same level of spectral coverage and reproducibility 
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as traditional Raman. Conversely, it is unrealistic to get Raman imaging speed to match that 

of SRS, which is important for live cell and tissue imaging. Perhaps the best solution is 

to have two modalities in one instrument. Broadband CARS microscopy has been shown 

to provide full Raman spectral coverage through the use of supercontinuum lasers while 

offering milli-second or even faster spectral acquisition speed.210–212 Although it is still 

much slower than SRS with narrower spectral coverage (~300 cm−1), there is room for 

further improvement and the broad coverage may enable new studies of drugs with few 

distinct Raman peaks. However, it remains to be seen if such systems are compatible with 

live cell imaging due to the possibility of increased optical and local heating damage.

As drug discovery and development increasingly employ complex 3D tissue models such 

as organoids, tissue slices, and organ-on-a-chip, it is necessary to adapt Raman and CRS 

imaging systems for those samples. Compared to imaging 2D cell cultures, 3D model 

systems are advantageous because they offer a more physiologically relevant context 

and better recapitulate essential cell-cell and cell-matrix interactions and cell functions. 

However, they are also more difficult to study due to increased light scattering. Although 

scattering-induced intensity loss can be normalized,161 it can restrict imaging depth and 

further lower the sensitivity. Nonetheless, Raman imaging has the unique advantage of label-

free quantitative imaging with chemical specificity and thus is poised to play a major role 

in the applications of complex 3D tissue models for drug discovery. A special application 

area of using skin tissue for studying transdermal drug delivery has already benefited from 

CRS imaging of drug permeation. We expect that more applications in other tissue models in 

the context of drug discovery will emerge as CRS imaging and associated data analysis tools 

mature over the next few years.

Another underappreciated aspect of Raman imaging is its ability for long-term tracking 

of drug uptake or drug response. In principle, Raman is noninvasive and can follow 

live cells and tissues for a long time instead of as an endpoint imaging technique. 

However, few studies have truly achieved longitudinal live cell imaging in an appropriate 

cell culture environment, including temperature control, pH maintenance, and medium 

perfusion. CRS has additional challenges compared to traditional Raman because the 

coherent signal generation process means that the majority of the signal will propagate 

in the transmission direction and a high numerical aperture collection optics is necessary to 

maximize sensitivity. This constraint limits the working distance available for maintaining 

live cell and tissue culture, which makes most on-stage live cell culture devices incompatible 

or suboptimal with CRS imaging. New approaches for culture and imaging are needed to 

overcome this challenge in the future.

Lastly, CRS techniques have not been adopted widely in the biological or pharmaceutical 

research community compared to traditional Raman imaging. A major impediment is the 

lack of a unified platform for routine and reproducible imaging. Custom, home-brew CRS 

implementations are still the norm in published research articles. With the increasing 

commercialization of CRS systems and laser systems such as the Refined Laser Systems 

Picus Duo, Leica Stellaris CRS, and APE picoEmerald, improved standardization of CRS 

systems will happen in the near future. These developments will be critical to catalyze the 
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adoption of CRS in the broader biological and pharmaceutical community and potentially 

accelerate drug discovery and development.
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Figure 1. 
Top: brief advantages and disadvantages of spontaneous Raman scattering and coherent 

Raman techniques (CARS and SRS). Bottom: applications of Raman techniques on 

pharmaceutical drugs to visualize drug distribution, drug response, and drug formulation. 

Created with BioRender.com
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Figure 2. 
Direct imaging of intracellular drug uptake. a. (i.) SRS spectra of AmB (10 mg/ml) 

and pure ergosterol, with optimal Raman peaks highlighted. Data acquired under six-rod 

chirping. (ii.) SRS spectra of single AmB-treated CASC5314 cells. Data: means ± SD 

from at least 10 yeasts. AmB: 3.2 μg/ml for 1 h. Data acquired under six-rod chirping 

condition. b. (i.-iii.) SRS images of untreated CASC5314 cells at 1556, 1602, and 1650 

cm−1, respectively. (iv.-vi.) SRS images of AmB-treated CASC5314 cells at 1556, 1602, 

and 1650 cm−1, respectively. Pixel dwell time: 50 μs. Scale bar, 10 μm. Laser polarization 

direction is indicated by red arrows. Lipid droplet is indicated by white arrows. From Dong, 

P.-T.; Zong, C.; Dagher, Z.; Hui, J.; Li, J.; Zhan, Y.; Zhang, M.; Mansour, M. K.; Cheng, 

J.-X. Polarization-Sensitive Stimulated Raman Scattering Imaging Resolves Amphotericin B 
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Orientation in Candida Membrane. Sci. Adv. 2021, 7 (2), eabd5230. (ref 87) Reprinted with 

permission from AAAS. c. Top, left to right: average intensity SRS image of A549 cells 

treated with 4 μM lapatinib for 4 h before imaging between 1300–1500 cm–1; cell cytoplasm 

segmentation mask generated by Cellpose for a per-cell SRS spectrum; Bottom, left to right: 

cytoplasmic SRS spectra of the respective cells colored in segmentation mask. The spectrum 

in magenta represents an average DMSO-d6-dosed control cell; plot of intracellular lapatinib 

concentration measurement across 4 h treatments with a concentration gradient from 2 to 10 

μM lapatinib. Reproduced from Wong, B. S.; Dunnington, E. L.; Wu, R.; Kim, J. I.; Hu, K.; 

Ro, T. H.; Fu, D. Facilitated Transport of EGFR Inhibitors Plays an Important Role in Their 

Cellular Uptake. Anal. Chem. 2024, 96 (4), 1547–1555. (ref 88). Copyright 2024 American 

Chemical Society.
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Figure 3. 
Drug uptake into skin. a. Skin penetration analysis of topically applied drugs with PM-SRS. 

Left: PM-SRS X-Z plane images of 4% (131 mM) loxoprofen sodium salt (1184 cm−1) 

permeation into skin from 30 min to 240 min after application where ΔI / ILO  indicates 

SRS signal intensity. SRS chemical maps are superimposed over confocal-reflection images 

(orange) to visualize skin structure. Scale bar, 50 μm. Right: mean difference SRS intensity 

of 4% loxoprofen sodium salt (1184 cm−1) permeation into a skin model. Lox: loxoprofen 

sodium. Reprinted with permission from ref 111 © Optica Publishing Group. b. SRS images 

tracking tazarotene uptake (1590 cm−1) at 8 μm depth from 10 min to 7 h, where a shift in 

higher pixel intensity (blue to yellow) indicates higher drug content. Tazarotene and lipid 

(2870 cm−1) content were overlayed to track drug distribution. Red box: drug permeation 

through lipid-rich intercellular lamellae regions. Reprinted from J. Controlled Release., 

Vol. 367, Iliopoulos, F.; Tu, D.; Pence, I. J.; Li, X.; Ghosh, P.; Luke, M. C.; Raney, S. 

G.; Rantou, E.; Evans, C. L. Determining Topical Product Bioequivalence with Stimulated 

Raman Scattering Microscopy, pp. 864–876 (ref 114). Copyright 2024, with permission 

from Elsevier.
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Figure 4. 
Imaging nanocarrier-based therapeutics. a. Distinguishing cargo loading location using 

single particle measurements from SPARTA data. Summary of analytical framework. By 

extracting the R2 and gradient from linear fits of cargo-carrier scatter plots, membrane 

and core loading can be distinguished: core loading causes low gradient and low R2, so 

particles appear in the lower left quadrant. Meanwhile, membrane loading is characterized 

by high R2 and high gradient, so particles appear in the upper right quadrant. Ovals are 

drawn to aid interpretation. Reprinted with permission from Saunders, C.; Foote, J. E. J.; 

Wojciechowski, J. P.; Cammack, A.; Pedersen, S. V.; Doutch, J. J.; Barriga, H. M. G.; 

Holme, M. N.; Penders, J.; Chami, M.; Najer, A.; Stevens, M. M. Revealing Population 

Heterogeneity in Vesicle-Based Nanomedicines Using Automated, Single Particle Raman 

Analysis. ACS Nano 2023, 17 (12), 11713–11728. (ref 129). Copyright 2023 American 

Chemical Society. b. Single-particle counting of PBCA nanoparticles that cross the BBB. 

Top: volume-rendered images of nanoparticles, vasculature, and nuclei in different brain 

regions. The cerebral cortex (CCX); the dentate gyrus of the hippocampus (DG); the CA1 

region of the hippocampus (CA1); and the thalamus (THA). Circles indicate nanoparticle 

spots. Bottom: single-plane images of nanoparticles, proteins, lipids, vasculature, and nuclei 

in the cerebral cortex. Circles indicate nanoparticle spots. Scale bars: 20 μm in (i.), 10 μm 

in (ii.) Reproduced with permission from Proceedings of the National Academy of Sciences 
USA Wei, M.; Qian, N.; Gao, X.; Lang, X.; Song, D.; Min, W. Single-Particle Imaging of 
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Nanomedicine Entering the Brain. Proc. Natl. Acad. Sci. 2024, 121 (5), e2309811121 (ref 

134).
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Figure 5. 
Platforms to monitor drug-induced biochemical alterations. a. Frequency distribution 

plots of total lipid, glycogen, and cytochrome c vs. protein content for representative 

drug-treated samples. High-content chemometric profiling of individual control (48 h of 

vehicle treatment). b. Untreated and amiodarone-treated (10 μM, 48 h) 3D PHH spheroids. 

Amiodarone induces significant measurable changes in biomolecular composition of both 

3D liver representations. 3D renderings of amiodarone and metabolites deposits (shown 

in cyan) detected in PHH spheroids and iHLC organoids. The biomolecular matrix (i.e., 

protein, total lipid, and glycogen) was combined and is shown in gray (arbitrary intensity 

units) to reveal a clear distinction between endogenous biomolecules and xenobiotic 

compounds present in specimens. Scale bars, 50 μm. Reprinted from Cell Rep. Methods, 
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Vol. 3 (4), LaLone, V.; Aizenshtadt, A.; Goertz, J.; Skottvoll, F. S.; Mota, M. B.; You, J.; 

Zhao, X.; Berg, H. E.; Stokowiec, J.; Yu, M.; Schwendeman, A.; Scholz, H.; Wilson, S. R.; 

Krauss, S.; Stevens, M. M. Quantitative Chemometric Phenotyping of Three-Dimensional 

Liver Organoids by Raman Spectral Imaging, pp. 100440 (ref 152). Copyright 2023, with 

permission from Elsevier. c. Raman observation of the drug effect of HeLa spheroids under a 

range of drug concentration treatments (0–10 μM). (i.) Raman spectra of ActD-treated HeLa 

spheroids. The solid lines indicate the mean values, and the SDs are shown in light green. 

The boxplots of the Raman intensities at (ii.) 1485 cm−1 (assigned to ActD) and (iii.) 1585 

cm–1 (assigned to cyt c) normalized by dividing by 2936 cm–1 (as reference for detected 

volume in spheroids) reveal a dose-dependent intensities change. The boxplots illustrate the 

internal data points (center line: median, box: quartiles, low/up whiskers: max/min value 

in 1.5 interquartile range). A significant difference was compared with the leftmost box. 

***: P < 0.001; *: P < 0.05; n.s.: P > 0.05. Reproduced from Liao, H.-X.; Bando, K.; 

Li, M.; Fujita, K. Multifocal Raman Spectrophotometer for Examining Drug-Induced and 

Chemical-Induced Cellular Changes in 3D Cell Spheroids. Anal. Chem. 2023, 95 (39), 

14616–14623. (ref 154). Copyright 2023 American Chemical Society. d. CARS spectral 

profiles of regions at different attention levels. (i.) By quantizing the attention scores to 

five levels, the attention heatmaps were divided into five attention-ranked regions (i.e., low, 

low-medium, medium, medium-high, and high). The normalized CARS spectral profiles 

of regions at different attention levels are shown in (ii.). Reproduced from Shi, J.; Bera, 

K.; Mukherjee, P.; Alex, A.; Chaney, E. J.; Spencer-Dene, B.; Majer, J.; Marjanovic, M.; 

Spill-man, D. R. J.; Hood, S. R.; Boppart, S. A. Weakly Supervised Identification and 

Localization of Drug Fingerprints Based on Label-Free Hyperspectral CARS Microscopy. 

Anal. Chem. 2023, 95 (29), 10957–10965. (ref 160). Copyright 2023 American Chemical 

Society.
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Figure 6. 
Tracing single-cell metabolic response with Raman isotopic labels. a. SRS imaging for 

single-cell rapid antifungal susceptibility testing (AFST). (i.) C−D (2168 cm−1) SRS images 

of susceptible Candida albicans cells treated with increasing concentrations of amphotericin 

B. Scale bar, 20 μm. (ii.) Histogram of C−D intensities for the drug-treated group indicating 

significant metabolic change (1 μg/mL) in blue and drug-free group in orange. Plots were 

fitted with normal distributions of the drug-free group. A cutoff threshold of 0.55 was found 

for separating the two groups. Reproduced from Chen, C.; Wang, Y.; Wu, F.; Hong, W. 

Rapid Antifungal Susceptibility Testing Based on Single-Cell Metabolism Analysis Using 

Stimulated Raman Scattering Imaging. Anal. Chem. 2023, 95 (42), 15556–15565. (ref 175). 

Copyright 2023 American Chemical Society. b. Ratiometric C−D/C−H SRS ratios as a cell 

growth rate measurement. (i.) Cell growth measurement of single A549 cells treated with 

increasing concentrations of gefitinib (Gef) and lapatinib (Lap) with DMSO as a vehicle 

control. Images were collected after 12 h of drug dosing with 4 h d-LIV labeling. Each 

point represents one whole cell. Response subpopulations at 5 μM lapatinib are observed. 

Significance: **: p ≤ 0.01, ****: p ≤ 0.0001. (ii.) Growth rate variation within an A549 

3D spheroid after 12 h d-LIV labeling visualized with ratiometric C−D/C−H SRS imaging. 

Scale bar, 50 μm. Reproduced from Xu, F. X.; Wu, R.; Hu, K.; Fu, D. Measuring Drug 

Response with Single-Cell Growth Rate Quantification. Anal. Chem. 2023, 95 (49), 18114–

18121. (ref 179). Copyright 2023 American Chemical Society.
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Figure 7. 
Visualization of drug product components and dynamic changes. a. 3D sections of inner 

layers of dry-coated drug particles. (i.) Left: 200–400 μm fraction layer of dry-coated 

paracetamol particle, with paracetamol (857 cm−1) in orange and carnauba wax (1295 cm−1) 

in blue. Carnauba wax appears most prominently in the top z planes. Middle: x-y plane 

of top z layer of particle fraction. Right: x-plane of coated particle. (ii.) Raman spectra of 

pure paracetamol (orange, left) and the pixel labeled in pink in (i.) (black, right). Reprinted 

from J. Pharm. Anal., Vol. 13, Koutentaki, G.; Krýsa, P.; Trunov, D.; Pekárek, T.; Pišlová, 

M.; Šoóš, M. 3D Raman Mapping as an Analytical Tool for Investigating the Coatings 

of Coated Drug Particles, pp. 276–286 (ref 194). Copyright 2023, with permission from 

Elsevier B.V. on behalf of Xi’an Jiaotong University. b. Quantification of drug tablet aging 

with SRS imaging. (i.) SRS (solid) and spontaneous (dotted) spectra of tablet components: 

pure naproxen (magenta), lactose (cyan), HPMC (white), and Mgst (yellow), respectively, 

spectrally unmixed from a naproxen tablet cross-section. def.: deformation, str.: stretching. 
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(ii.) Tablet cross-section SRS composite abundance maps (top row) and thresholded images 

(bottom row) with accelerating tablet aging conditions using the color scheme from (i.). 

Scale bar, 100 μm. Reproduced from Wei, Y.; Pence, I. J.; Wiatrowski, A.; Slade, J. B.; 

Evans, C. L. Quantitative Analysis of Drug Tablet Aging by Fast Hyper-Spectral Stimulated 

Raman Scattering Microscopy. Analyst 2024, 149 (5), 1436–1446 (ref 208), with permission 

of The Royal Society of Chemistry. c. Silicone oil-induced particle aggregation in a stressed 

therapeutic solution. (i.) Averaged C–H region (2800–3060 cm−1) SRS image and phasor 

pixel-based segmentation with least squares regression fitting of silicone oil- and protein-

containing particles on a polycarbonate filter. In phasor image, green: protein content (2930 

cm−1), red: silicone oil (2900 cm−1) content. Scale bar, 15 μm. (ii.) Size distribution of 

911 particles segmented out by phasor analysis. Reproduced from Wong, B.; Zhao, X.; Su, 

Y.; Ouyang, H.; Rhodes, T.; Xu, W.; Xi, H.; Fu, D. Characterizing Silicone Oil-Induced 

Protein Aggregation with Stimulated Raman Scattering Imaging. Mol. Pharm. 2023, 20 (8), 

4268–4276. (ref 209). Copyright 2023 American Chemical Society.
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