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Abstract
Coherent anti-Stokes Raman scattering (CARS) microscopy is a label-free chemical imaging modality capable of interrogating local molecular composition, concentration, and even orientation. In comparison to traditional Raman spectroscopy/imaging, CARS generates signals that are typically orders-of-magnitude stronger, enabling high-throughput and large-area imaging with superior spectroscopic fidelity. In this review, we present an overview of CARS microscopy as applied to polymer science, covering such timely and important topics as drug release and reaction kinetics to 3D molecular structures and orientation. We also discuss outstanding opportunities and challenges to using CARS microscopy as a quantitative measurement method.
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Introduction
Raman scattering is an inelastic scattering phenomenon that can be used for the chemical identification and the structure characterization of molecules based on the measured vibrational frequencies unique to the molecules. However, Raman-based spectroscopy and microscopy approaches can suffer from inherently weak Raman signal when it is dominated by other background emissions. To circumvent the limitation, researchers have developed a variety of Raman enhancement techniques. For example, surface-enhanced Raman scattering can analyze chemicals in solution with high concentration sensitivity,1,2 and tip-enhanced Raman scattering spectroscopy can image surface profiles with high spatial resolution and chemical identification.3,4 However, both enhancement techniques are more suitable for surface-specific characterization rather than for high throughput imaging of bulk materials. Alternatively, various coherent Raman techniques have been developed for optical imaging modalities. Among them, coherent anti-Stokes Raman scattering (CARS) was the first nonlinear optical process applied to microscopy by Duncan et al.5 in 1982. However, it was after Zumbusch et al.6 reported CARS images of live cells using a collinear beam configuration in 1999 when CARS microscopy became a widely used imaging modality for label-free chemical imaging of biological and material samples. Although both spontaneous Raman and CARS are based on molecule-specific Raman frequencies, the stronger signals from CARS enable high throughput chemical imaging without exogenous fluorescence labels. Benefiting from the high sensitivity and rapid imaging speed, CARS microscopy can be operated for a shorter acquisition time and by a lower laser power compared to spontaneous Raman microscopy, which consequently reduces the photo damage.7,8 Equipped with a beam scanning module, the photo-induced damage can be further lowered with no loss in signal intensity for CARS imaging on biological tissue samples.9 CARS's other advantages include blue-shifted anti-Stokes emission not interfering with fluorescence and 3D optical sectioning via multiphoton signal generation without a confocal geometry. Table 1 briefly summarizes the capabilities of CARS microscopy demonstrated for the various research topics in polymer science. 
TABLE 1. A summary of measurement features of CARS microscopy and its demonstrated research areas in polymer science.
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* indicates that more CARS-specific measurement features compared to spontaneous Raman microscopy. 
In the review, we brief the basic principles of CARS microscopy and overview CARS imaging studies of various polymeric samples and their associated molecular structures, heterogeneity, and reaction kinetics. Finally, we discuss its advanced capabilities as a quantitative imaging and molecular orientation measurement tool.

Basics of CARS
Fundamental Theory
CARS is a coherent nonlinear optical process, where the pump (wpu), the Stokes (wS), and the probe (wpr) transitions generate the anti-Stokes photons (waS), as shown in the energy diagram in Figure 1. When the frequency difference (wpu – wS) matches the resonance frequency of a vibrational mode of a molecule, the anti-Stokes signal (waS = wpu – wS + wpr) is greatly enhanced. Analytically, the electric field of the CARS emission is proportional to the product of the third-order nonlinear susceptibility (c(3)) and the incident light electric fields corresponding to the three transitions. Then, the CARS intensity can be expressed as 
			(1)
where Epu, ES, and Epr are the electric fields of the pump, Stokes, and probe transitions, respectively, based on an assumption the frequencies are monochromatic. The energy diagrams in Figure 1 illustrates two-color CARS generation, where the pump and probe transitions are induced degenerately by the same narrowband pulse. Alternatively, three-color CARS generation (not shown in Figure 1) can occur when all three transitions are different in frequency.25 Either in two- or three-color CARS generation, the frequency of CARS emission is higher than those of the incident lights; therefore, CARS emission is not obscured by fluorescence observed at a lower frequency. 
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FIGURE 1 Energy diagrams of (a) single-frequency CARS generation and (b) broadband CARS generation. Simplified schematics of (c) single-frequency CARS and (d) BCARS imaging system where OPO indicates optical parametric oscillator; SPF, short-pass filter; PMT, photomultiplier tube; BPF, band-pass filter; PCF, photonic crystal fiber; LPF, long-pass filter; and CCD, charge-coupled device.

	CARS is not a background-free phenomenon. The nonlinear susceptibility c(3) is the sum of the vibrationally resonant and non-resonant components. The resonant susceptibility, , is a frequency-dependent complex number whose imaginary component Im{} corresponds to the spontaneous Raman cross-section.26 Meanwhile, the non-resonant susceptibility, , originates from the electronic response of the sample and is expressed as a real number (assuming far from resonance). Thus, the CARS intensity in Equation (1) can be rewritten as
				(2)
The interference between resonant and nonresonnat susceptibilities in CARS process causes the CARS peak shape to be different from the corresponding spontaneous Raman scattering peak, as shown in Figure 2(b). 


Data Acquisition and Process
Hence, for chemical identification and quantitative analysis, it is critical to eliminate the non-resonant background (NRB) contribution and retrieve the spontaneous Raman-like resonant spectrum, which corresponds to Im{}. Various optical or computational methods have been explored to retrieve Im{} from the total CARS signal. Optical approaches of removing NRB via polarization control,27,28 frequency modulation,29 pulse shaping,30 and interferometry,31 suffer from significant signal reduction or long acquisition time. Alternatively, computational methods compare a CARS spectrum with an NRB spectrum and retrieve the resonant CARS spectrum using the maximum entropy (ME)32 and time-domain Kramers–Kronig (KK) approaches.33,34 These computational approaches require an assumption that the separately measured NRB spectrum from a reference materials, such as glass or water, is the same as the NRB spectrum of the interrogated sample. Figure 2(c) shows an example of the CARS spectrum observed from a polyethylene terephthalate (PET) film and the CARS spectrum from a glass coverslip. The featureless CARS spectrum from glass was used as the NRB spectrum. Figure 2(d) shows the spectrum of Im{} retrieved by the KK phase retrieval.  Recent advances in the ME and KK approaches have significantly reduced the artifact originated from the inherent discrepancy between the sample NRB spectrum and the glass CARS spectrum and numerical data processes,35–37 which will be discussed in the Perspective section.
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FIGURE 2 (a) Simulated a third-order non-resonant susceptibility (), the imaginary part (Im{}), and the real part (Re{}) of the resonant susceptibility. (b) Simulated CARS signal of non-resonant background and the total CARS signal calculated from (a). (c) A raw unprocessed BCARS spectrum of a stretched polyethylene terephthalate (PET) film. (d) A resonant susceptibility spectrum retrieved by the Kramers–Kronig (KK) followed by the detrending method.
CARS microscopy can be divided into largely two approaches: single-frequency CARS and multiplex/broadband CARS (MCARS/BCARS), as illustrated in Figure 1. In single-frequency CARS, shown in Figure 1(a), two spectrally narrow incident lights generate spectrally narrow CARS signals. Because the signal is measured by a single element detector, it can be acquired at high speed and can be easily optimized for a high spatial resolution; thus, the single-frequency approach can be considered to be advantageous for high-throughput imaging of a large area sample or live cells. However, it is not ideal for distinguishing chemical and configurational components with subtle differences in the composition and for quantitatively analyzing the sub-components. In contrast, MCARS and BCARS are based on a spectrally broad pulse, as shown in Figure 1(b). A narrowband pulse and a continuum pulse generate spectrally broad CARS signals covering both the fingerprint and C-H stretching ranges. The broad CARS spectrum is acquired by a CCD-equipped spectrometer at a single image pixel and repeated over a 2D or 3D voxel space; then saved as a hyperspectral image cube. Thus, various data post-processing has been developed, including subtracting detector baseline, denoising, and extracting the resonant susceptibility.33,38 Because the extracted resonant susceptibility is proportional to concentration, a peak or a collection of peaks can be used to construct a chemical image of a specific chemical species. Various multivariate analysis techniques have been used to process the hyperspectral image data into a mixture of multiple chemical components.11,36 
Polarization Control and Molecular Orientation
Similar to other nonlinear optical phenomena, CARS is a polarization-sensitive process. A CARS susceptibility is a fourth-rank tensor that determines the polarization state of CARS emission with respect to the polarization states of incident lights. A CARS susceptibility tensor, c(3), is a macroscopic value expressed by a sum of molecular hyperpolarizability tensors, a(3),
										(3)
where R is a rotation matrix in the three-dimensional Euler space for the transformation between the molecular frame to the laboratory frame.39 The polarization dependence of a CARS signal is determined by the symmetry of the molecular hyperpolarizability and the orientational distribution of the molecules.40,41 When the symmetry of molecular hyperpolarizability is known, the dependence on the orientational distribution of molecules can be used for the characterization of the orientational distribution of the molecules. Thus, polarization-controlled CARS microscopy has been used for imaging the orientational distribution of molecules.42
Linearly polarized light is typically used for CARS imaging optical anisotropy because of the simplicity in experiment and interpretation.43–45 As a model system, multilamellar vesicles (MLV) have been used for demonstration. For example, Cheng et al. imaged MLV using single-frequency CARS and visualized the orientations of water and lipid chains in phospholipid bilayers.43 The polarization dependence of CARS signal in Figure 3 from the H2O stretching vibration provided qualitative evidence that water molecules were aligned normal to the bilayer and that the number of ordered water molecules depended on the lipid polar group. Wurpel et al. acquired MCARS images based on the CH2 stretching mode of lipids in MLV.44 They used the ratio of CARS intensities measured at two orthogonal polarizations to quantify the orientation order of the lipid chains. Using this simple method, they observed that the orientational order of MLV increased upon adding a small amount of cholesterol was reduced for unsaturated lipids.
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FIGURE 3 Single-frequency CARS images of multilamellar vesicles (MLV). (a, b) Images constructed with CARS intensity for the CH2 stretching mode at 2845 cm-1. (c, d) Images constructed with CARS intensity for the OH stretching mode at 3445 cm-1. The pump and Stokes lights are linearly polarized parallel to each other. Their polarization orientation is indicated above each image. (e) Scheme of a (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) (POPS) MLV in an equatorial plane with interlamellar water and POPS molecular structure with a water molecule on its polar head. Reprinted with permission from43. Copyright 2003, National Academy of Sciences, U.S.A.
Bioud et al.46 and Duboisset et al.47 advanced the analysis of polarization-resolved CARS intensity profiles to quantify the degree of molecular orientations. They fitted polarization-dependent CARS intensity at each pixel with a model equation consisting of multiple orders of sines and cosines. Using the fitting coefficients, they determined the order symmetry parameters (S2 and S4) as shown in Figure 4, which are equivalent to the order parameters (áP2ñ and áP4ñ) derived from the Legendre polynomials with cylindrical symmetry.48 The same group applied the image analysis to a more complex tissue sample to map the lipid order of myelin in the experimental autoimmune encephalomyelitis (EAE) demyelination processes.49 However, their symmetry decomposition from single-frequency CARS intensity can be distorted by the nonnegligible NRB contribution, as the authors stated in the comparative studies with four-wave mixing (FWM)46 and stimulated Raman scattering (SRS).47 Recently, Cleff et al. demonstrated that a single image acquisition based on circular polarizations without the need for any polarizer rotation could determine the high-order symmetry parameters of MLV, zeolite crystals, and myelin sheaths without being interfered by isotropic NRB contributions.23
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[bookmark: _Hlk69728728]FIGURE 4 (a) The total CARS intensity image of a MLV at 2836 cm-1 and polarization profiles of CARS intensity at three different locations. The scale bar is 10 mm. a is the angle of linearly polarized incident lights. (b) The stick orientation represents the azimuthal angle j2. The color indicates the second symmetry parameter S2. (c) 2D projected orientational distribution function constructed from the CARS symmetry parameters determined at an image pixel. (d–f) Identical orientation analysis of polarization-controlled SRS intensity at 2850 cm-1. (g, h) Plots of S2 and S4 values (CARS in red and SRS in black) for each pixel of CARS and SRS images of an MLV. Adapted with permission.47 Copyright 2015, American Chemical Society.

CARS Imaging of Polymer Structures
Structure of Polymer Blends
CARS microscopy can be a useful tool for chemical imaging of polymer blends, which consist of two or more polymer species. Earlier, polymer blends were used as samples that could demonstrate the chemical imaging capability of newly developed CARS techniques. When the first BCARS was demonstrated, Kee and Cicerone used a phase-separated blend film of PET/PMMA/PS (polystyrene/poly(methyl methacrylate)/poly(ethylene terephthalate)).50 They presented a composite image of the three polymer components based on the CARS intensities at their resonant Raman frequencies as shown in Figure 5(a), (b). von Vacano et al. used tri-polymer blends of PS/PET/PMMA and PS/PMMA/PE (polyethylene) to demonstrate the NRB-suppressed BCARS hyperspectral images using the ME method.32 Chen and Lim also showed, in Figure 5(c), (d),  their first chemical images of a PS/PET blend film by using a new pulse-shaping CARS technique, called the Fourier transform spectral interferometric CARS (FTSI-CARS).51
Later, CARS microscopy has been actively explored as a chemical imaging tool to analyze the structure and the properties of polymer blends quantitatively. Kang et al. reported the phase segregation and crystallization of PEG/PLGA (poly(ethylene glycol)/poly(lactic-co-glycolic acid)) films using a single-frequency CARS microscope.10 They observed various patterns of PEG crystalline fibers inside the amorphous PLGA matrix when they were prepared by different weight ratios as shown in Figure 5(e-h). With the addition of paclitaxel (PTX, a chemotherapy drug), they found from the 3D sectioned CARS images that PTX was preferentially partitioned into the PEG domain. Real-time monitoring of the drug release from the film indicated that an accelerated burst release of PTX was followed by a more sustained release from the PLGA/PEG films. The high-throughput CARS imaging of drug and polymer molecules with 3D spatial resolution exhibited a great potential in the research of drug delivery formulation and molecular diffusions in complex materials.
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FIGURE 5 (a) BCARS image of polymer blends including equal parts PMMA, PS, and PET. (b) BCARS spectra of PMMA, PS, and PET, respectively. The pseudo colors red, green, and blue in (a, b) correspond to phases and spectroscopic characteristics of PMMA, PS, and PET, respectively. Reprinted with permission.50 Copyright 2004, The Optical Society. (c, d) Interferometric MCARS images of PS/PET mixture film constructed at 1000 cm-1 for PS and at 1100 cm-1 for PET, respectively. Adapted with permission.51 Copyright 2008, American Chemical Society. (e–h) CARS images of phase-segregated PLGA/PEG films with the weight ratio of PLGA to PEG at 9:1, 8:2, 7:3, and 6:4, respectively. Reprinted with permission.10 Copyright 2007, Elsevier. (i) Chemical strucures of PS, PMMA, PET, PLGA, and PEG, respectively.

Lee et al. demonstrated that 3D-sectioning BCARS could be useful as a quantitative analysis of chemical components in polymer blends.11 In Figure 6, the authors described a series of data processing protocols used for BCARS hyperspectral images, including singular value decomposition for denoising, modified KK phase retrieval for the elimination of NRB, and baseline detrending for correction of phase errors. Using a classical least-squares (CLS) method, they constructed quantitative 3D-sectioned images of a tertiary polymer blend of PS, PP (polypropylene), and SEP (poly(styrene-ethylene/propylene)) layers fabricated by a three-component planar polymer micromixer (PPMM). After the data processing, the Raman-like spectra of the three polymer components showed evidence that SEP acted as a compatibilizer that accumulated at the interfaces of PS and PP layers and broke down the laminar phases of PS and PP in the PPMM process. 

[image: ]
FIGURE 6 (a) Chemical structures of SEP and PP, respectively. (b) Top: 3D sectioned CARS images of PS/SEP/PP blend in x-z at the third and fourth segments in PPMM. Bottom: schematic diagram of the three-component planar polymer micromixer (PPMM) for fabrication of PS/SEP/PP laminated film, as depicted in x-y plane. (c–f) Sequential data processing of PS and PP CARS spectra. All the hyperspectral data were sequentially processed with SVD, KK, BD, and deconvoluted with CLS. The pseudo colors represent PS in red, PP in blue, and SEP in green, respectively. The scale bar is 20 mm. Reprinted with permission.11 Copyright 2011, American Chemical Society.

In addition to the solid polymer blends, soft hydrogels with heterogeneous microstructures were studied by CARS microscopy. Lau et al. investigated studied aqueous liquid-liquid phase separation (LLPS) of resilin-like polypeptide (RLP) and PEG.12 They used BCARS to visualize in-situ and quantify the compositions of RLP/PEG hydrogels as a function of incubation time in the process of LLPS. The LLPS dynamic process at different time points was captured by photo-crosslinking and imaged by BCARS microscopy. The PEG and RLP phases in CARS images are represented in Figure 7 by CH2 deformation at 1468 cm-1 and amide I at 1660 cm-1, respectively. By mapping the ratio of integrated intensities at 1468 cm-1 and 1660 cm-1. The time-dependent BCARS characterization of RLP-rich domains and the PEG-rich continuous phase confirmed that RLP/PEG LLPS evolved by PEG polymers partitioning out of the RLP-rich droplets and reached equilibrium. Besides, CARS has been actively involved in visualizing the 3D morphology and microstructures of many other polymeric materials. For instance, Jeschke et al. used single-frequency CARS to image the 3D porous structure of poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) gel membranes filled with liquid electrolytes for lithium-ion batteries.52 Paddubskaya et al. used single-frequency CARS to image the 3D dispersion of single-wall carbon nanotubes (SWNTs) in polyvinyl alcohol (PVA) matrix.53
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FIGURE 7 (a) BCARS images at the asymmetric CH3 stretching mode (2930 cm-1) for 10 wt% 50/50 mass ratio RLP-6Ac/PEG-4Ac hydrogel photo-crosslinked at 0 min, 5 min, and 10 min after mixing. RLP-6Ac is RLP functionalized with acrylamide, and PEG-Ac is PEG functionalized with acrylate. The high brightness regions correspond to RLP-rich domains. The scale bar is 100 mm. (b) Ratio images (integrated intensities at 1468 cm-1/1660 cm-1) representing the relative concentration of PEG to RLP within the hydrogels when crosslinked at 0 min, 5 min, and 10 min. The scale bar is 10 mm. (c) Peak area ratios of peak 1468 cm-1 to 1660 cm-1 plotted against the crosslinking time. Reprinted with Reference 12, licensed under CC-BY.

Orientational Structure of Polymer Chains
Lee et al. advanced BCARS microscopy using polarization control as a tool for polymer chain orientation characterization. They investigated the structure of a PE homopolymer blend, which is widely used for improved toughness, by mixing deuterated HDPE (high-density PE) and protonated linear low-density PE (H-LLDPE).13 With the spectral distinction between D-HDPE and H-LLDPE, BCARS could measure the location and the orientation of the two components. The well-separated peaks in C–H region and fingerprint region of D-HDPE and H-LLDPE were well resolved and identified by BCARS imaging, as shown in Figure 8. The BCARS images showed that D-HDPE and H-LLDPE molecules were co-distributed in the spherulites of the polymer blend. The distribution indicated good miscibility of D-HDPE and H-LLDPE that resulted in the co-crystallization involving both species of the PE molecules. The BCARS images of the blended PE semicrystalline film also showed that the high molecular weight (MW) H-LLDPE chains were found more at the center of spherulites while medium MW D-HDPE were found at the boundaries of spherulites. This suggested that the lower MW D-HDPE molecules tend to be excluded in the growth of spherulites and thus, gradually accumulated at the boundaries.
Polarization CARS can provide additional information associated with molecular orientation. With a linear polarized light excitation, bow-tie patterns are found in the BCARS images of spherulites of H-LLDPE/D-HDPE blend, as shown in Figure 8. The patterns consist of bright regions and dark regions, where the bright regions change only slightly in the radial directions while the dark regions present concentric undulation. The absence of undulations in the bright quadrant regions suggests that the projection of CD and CH bonds in the radial direction does not change significantly across the ring bandings. The undulation in the dark regions is attributed to molecular orientation changes in the growth of the crystal, which is consistent with a collective lamellar-twisting model. Additionally, the circular polarized BCARS images showed the circular undulation propagating in the radial direction and confirmed the centro-symmetry of lamellae packing structures inside the spherulites.

FIGURE 8 Polarization-dependent CARS images of a LLDPE/HDPE blend film, where the LLDPE is hydrogenated while the HDPE is fully deuterated. (a–c) Composite images of CARS intensities of the CH2 (2842 cm−1, red) and CD2 (2104 cm−1, green) modes acquired at linearly and circularly polarized excitations. (d−f) Images of the ratio, I(CD2)/I(CH2), calculated from the above intensity images. (g, h) Composite images of CARS intensities of the C-C symmetrical stretching modes at 1127 cm-1 (from H-LLDPE, in red) and at 1146 cm-1 (from D-HDPE, in green), acquired by two orthogonal linear polarizations.  (i, j) The line profiles of the dotted in composite images (g, h), respectively. Reprinted (adapted) with permission.13 Copyright 2012, American Chemical Society.

The molecular orientation of polymeric fibers is also of great importance in understanding material properties. Cellulose is a polysaccharide biopolymer that can be found in multiple crystal structures and exhibit high optical anisotropy. Zimmerley et al. examined the molecular orientation of natural cotton (cellulose I) and synthetic rayon (cellulose II) fibers using polarization-controlled single-frequency CARS imaging.22 They focused on the C-H stretching mode of the methylene group in the polyglucan chain of cellulose, which is perpendicular to the fiber axis. At each image pixel, they determined the orientation director angle (the preferential azimuthal orientation of the CH2 mode) and the anisotropy magnitude. As shown in Figure 9, cellulose was overall preferentially oriented parallel to the fiber in both dry cotton and synthetic rayon fibers. However, cotton fibers showed orientational heterogeneity in small regions, while the molecular orientations in rayon fibers were homogeneous throughout the fibers. After the cotton and rayon fibers were soaked in water for two days, anisotropy was well maintained for the fibers, suggesting the interstitial water has a negligible effect on the overall alignment of the cellulose chains. They also discussed the NRB contribution to the polarization profiles of single-frequency CARS signals by comparing them with polarization profiles of second harmonic generation and spontaneous Raman signals.
[image: ]
FIGURE 9 (a) The anisotropy magnitude and (b) the director angle images for hydrated rayon fibers. The molecular structure of cellulose is shown in (b). The color-coded circular map indicates the director angle. Polar plots of the CARS signal of (c) dry rayon and (d) hydrated rayon at 2880 cm-1 (red trace) and the 2890 cm-1/2963 cm-1 ratio of the Raman intensity (black trace). Adapted with permission.22 Copyright 2010, American Chemical Society.

Wang et al. used in-situ BCARS microscopy to investigate the molecular response to shear and tensile deformation of fibrin.14 Fibrin is the primary material in blood clots that provides mechanical stability to forces such as wound contraction (tension) and blood flow (shear). Using BCARS microscopy, the authors monitored three Raman modes corresponding to CH3, amide I, and phenylalanine and recorded the peak positions and widths of the three peaks while deforming fibrin samples by shear and tensile strain. For example, Figures 10(b–d) show the histograms of the CH3 ratio (symmetric CH3 stretching/ asymmetric CH3 stretching), the phenylalanine ratio (ring breathing/ ring wagging), and the amide I ratio (a-helix/ b-sheet) when various tensile strain was applied. For example, when high shear or low tensile force is applied to fibrin networks, the CH3 ratio and the phenylalanine ratio increase, suggesting changes in rearrangement and stacking of fibrin C-terminal domains, which are rich in CH3 and phenyl groups. The authors also observed that, upon tensile force or high-shear force the amide I ratio increases, indicating fiber alignment and unfolding of the secondary structure of fibrin. Based on the observed CARS images, the authors proposed a fibrin strain bearing mechanism, shown in Figure 10(e), to explain molecular fibrin deformation over different loading regimes. 

FIGURE 10 (a) BCARS images of CH3 ratio (Isymmectric,CH3 / Iasymmetric,CH3) of a fibrin network under shear force. The percentages indicate the amount of shear strain. The scale bar is 10 mm. (b-d) The histograms of the phenylalanine ratio, the amide I ratio, and the CH3 ratios, respectively, at various tensile strains. The arrows above the histograms show the trend of each histogram with increasing tensile strain. (e) Proposed mechanism for fibrin structure changes under mechanical deformation: (I) soluble fibrinogen and (II) fibrin in the native (unstrained) state where the distances between fibers are large, and αC domains are loose. (III/IV) In the high shear strain / low tensile strain states, αC domains somewhat straighten, and β and γ nodules deform. (V) In the highly tensed state, coiled coils in fibrin fibers unfold and undergo secondary structural transitions from α-helices to β-sheets. Parallel fibers were drawn to illustrate the concepts. Reprinted with permission.14 Copyright 2020, Elsevier.

CARS Imaging of the Kinetics and Dynamics in Polymers
[bookmark: _Hlk68038552]Drug Release from Polymer Matrices
Enhanced signal generation of CARS microscopy allows for high-throughput 3D-sectioned imaging of drug delivery using heterogeneous micro- and nano-structures of materials.54,55 Kang et al. monitored drug release from polymer matrices using the rapid imaging speed (1 frame/s) of single-frequency CARS microscopy.10,17,18 In Figure 11, they acquired time-resolved images of PTX embedded in various pharmaceutical polymer matrices. They found the PTX particle formation depended on the composition of a matrix.17 The CARS images showed that PTX existed as particles in a matrix of poly(ethyl-co-vinyl acetate) (PEVA) and poly(butyl methacrylate) (PBMA), due to the aggregation of PTX during the fast evaporation process, while PTX particles were not observed in a matrix of PLGA, poly(2-hydroxyethyl methacrylate) (PHEMA), and polyurethane (PU). The time-dependent depth profiles constructed from the CARS images of PTX released from a PEVA/7.5% PTX film in buffer media showed that the number of PTX particles significantly decreased starting from the film surface. PTX particles began to leave pores in the polymer film within 1 min and completely were released from the film after 60 min. Similarly, they reported a drug release study of PTX from a base material of drug-eluting stents, poly(styrene-b-isobutylene-b-styrene) (SIBS).18 The in-situ CARS imaging of PTX in the SIBS film at various depths allowed for the understanding the dynamics of dissolution and elution of the drug in the matrix.
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FIGURE 11 Spatially-resolved CARS characterization of PTX/PEVA film. (a) Molecular structures of PTX and PEVA, respectively. (b) A depth image of PTX (green) in a PEVA film (magenta). (c) Digitally magnified image of a PTX particle shown in (b). The intensity profiles of the PTX particle along the X and Z axes are shown above and on the left of the image. (d) In-situ CARS imaging of the PTX release from a PEVA film. The columns were arrayed by the time-lapse, and the rows were arrayed as the depth of the film. The CARS images at 3060 cm-1 were taken from different Z locations. Adapted with permission.17 Copyright 2006. American Chemical Society.

Water Diffusion in Polymers
Quantitative characterization of chemical composition and membrane topology is important to the study of water transportation through polymer membranes. Raman microscopy can be useful for chemical imaging of water with respect to organic membranes because the O-H stretching Raman peak of water at 3200 cm-1 to 3500 cm-1 is separated from other organic polymer C-H stretching peaks at 2800 cm-1 to 3100 cm-1.56,57 Nafion is a perfluorinated sulfonic acid polymer and is widely used in proton exchange membrane (PEM) fuel cells. Water transport behaviors in PEMs are an essential concern to design highly proton-conductive PEMs for cell performance optimization. Ling et al. used BCARS microscopy to resolve “bulk” water (entirely surrounded by other water molecules) and “non-bulk” water (interacting with Nafion) in PEM.19 The relative amount of bulk and non-bulk O-H intensities were compared between two chemically equivalent yet morphologically distinct Nafion fuel-cell membranes. They found that extruded membranes had smaller water channels compared to dispersion-cast membranes, and thus, a disproportionally large amount of non-bulk water molecules existed in extruded Nafion membranes. Based on the findings by CARS imaging, they explained why extruded membranes exhibited larger proton conductivity and more significant water mobility compared to cast membranes.
Nishiyama et al. also studied water in Nafion membranes using BCARS microscopy.15 By deconvoluting the O-H stretching peak of water in Figure 12(a), they classified water molecules in PEM into four types: protonated, H-bonded to sulfonic acid groups, H-bonded to other water molecules, and non-H-bonded. They analyzed the depth profiles of the water species within the membrane during the fuel cell operation at various humidities and current densities. They observed that the fraction of H-bonded water increased with humidity and current density while those of protonated and non-H-bonded water unchanged. The authors explained the in-situ CARS spectral results with the development of a H-bond network inside the ion-conducting paths of the PEM. 
To investigate water diffusion in polymer composites, Hansen et al. used single-frequency CARS microscopy together with impedance spectroscopy as illustrated in Figure 12(b).16 CARS microscopy visualized real-time evolution of the polymer composite structure during water uptake while impedance spectroscopy evaluated water penetration. The polymer matrix (mixture of polyisobutylene and styrene-isoprene-styrene, PIB-SIS) was filled with either poly(acrylic acid) (PAA) or cetyl hydroxyethyl cellulose (CHEC) particles. The CARS images recognized filling particles from the polymer matrix and differentiated the dry part, semi-wetted part, and saturated part of the composite in contact with water. Independently, the time-dependent impedance data showed the temporal profiles of the waterfront propagating through the sample. Interpretation of the impedance results required water concentration profiles in the water diffusion direction. CARS observations showed that the water concentration profile is a gradient rather than binary. The dielectric constant must therefore vary spatially with the water concentration. Based on the finding, the effective water penetration front was plotted as a function of time in Figure 12(c), which was then fitted by a semiempirical power law used for water diffusion in polymeric systems. The kinetic results indicated that the polymer relaxation process of CHEC is highly restricted and much slower compared to PAA. The large variation in diffusional exponent between PAA and CHEC containing composites is attributed to the difference in water affinity between PAA and CHEC. The PAA has higher hydrophilicity and uptakes water much faster than CHEC. The CARS visualization of water diffusion in such layered materials is consistent with the results of impedance spectroscopy and becomes a complementary technique for water diffusion measurement.
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FIGURE 12 (a) Deconvolution of the O-H stretching peak of a broadband CARS spectrum of Nafion at 80 °C and 80% relative humidity into five underlying peaks. Each peak was assigned to a specific O-H configuration. Adapted with permission.15 Copyright 2020, American Chemical Society.(b) Experimental setup for impedance measurement and single-frequency CARS imaging of a polymer composite exposed to water. (c) Effective water penetration front plotted as a function of time for the sample 565 μm PAA containing composite. The fit represents a power law fitted to the data up to half-penetration of the thinnest sample. The points of full penetration (∗) and saturation (○) are also indicated. The insert shows the chemical structure of PAA. (d) Time-resolved CARS images of the polymer composite containing 40 wt% PAA particles. The CARS frequency used for the images was 2997 cm-1, corresponding to the aromatic groups of the styrene in SIS. The scale bar is 100 μm. Adapted with permission.16 Copyright 2020, American Chemical Society.

Self-healing Reaction
[bookmark: _Hlk68470575]Self-healing polymers are new “smart” materials developed for an increased lifetime. Intrinsic self-healing polymers rely on reversible crosslinking reactions following diffusion-driven material transport. Unlike previous characterizations based on a morphology basis, Geitner et al. used BCARS imaging to quantitatively analyze molecular rearrangement processes like the formation and cleavage of chemical bonds and supramolecular interactions during the self-healing process.24 They investigated the scratch self-healing process in a polymer network as a result of the thiol-ene equilibrium between diene and trithiol monomers. They observed a high concentration of free alkene groups (1595 cm-1) in the vicinity of the scratch. The free alkene groups were consumed quickly by the excess of thiol groups to form crosslinks, but the alkene signal did not increase until more alkene groups were transported to the scratch region. The CARS results suggested that the delayed molecular self-healing observed by CARS compared with that observed by reflection microscopy could be due to the hindered mobility of mainly alkene-containing compounds compared to the free alkene groups. In addition to the high spatial and temporal resolving power, the spectral characterization of chemical reactions by BCARS microscopy allowed for linkage between morphologic changes and molecular reactions during self-healing processes.

FIGURE 13 (a) 2D histogram constructed from the Raman-resonant CARS and reflection images recorded after self-healing of a scratched polymer film for 6 min at 60 °C. The red line in the 2D histograms connects the time mean maxima positions of the damaged and healed pixel groups. The false colors were determined by the CARS and reflection signal intensities. (b-d) False color images of the self-healing scratch after healing. The blue pixels are mainly found in the damaged region of the material, while the yellow pixels are the completely healed or undamaged material. The green pixels (mainly attributed to alkene-containing compounds) and the pink pixels (attributed to free alkene groups) are found in healing regions transverse the damaged pixel group to the healed/undamaged group. Reprinted with permission.24 Copyright 2018, Wiley-VCH.

Photo-polymerization Reaction
Photo-polymerization is an irreversible polymerization reaction via crosslinking of liquid monomers initiated by light and used for wide-ranging applications from dentistry, 3D printing to photoresists. Two-photon polymerization (TPP) employs near-IR ultrashort pulses to induce confined polymerization in a “pixel-by-pixel” writing fashion with almost no topological constraints at the sub-micrometer scale.58 Although spontaneous Raman spectroscopy has been used to non-invasively monitor the chemical reactions and understand the reaction mechanisms,59,60 the weak signal makes it still challenging for spontaneous Raman to follow a rapidly occurring single irreversible reaction with sufficiently high temporal and spatial resolution. Recently, stimulated Raman scattering microscopy was used to monitor the kinetics of radical polymerization occurring on the hundreds of milisecond scale.61 Similarly, CARS microscopy was used to investigate the lithographic patterns and polymerization processes in polymer photochemistry with millisecond temporal resolution and submicron spatial resolution, particularly when TPP and CARS are performed in the same experimental setup.20,21,62 Baldacchini et al. utilized scanning single-frequency CARS microscopy to monitor the TPP process and characterize the microstructures fabricated by TPP.20 (Figure 14) By tracking the change in the CARS signal at 1635 cm-1, corresponding to the C=C stretch mode of the photoresist monomer, they determined the degree of conversion from monomers to a polymerized photoresist. Later, the authors used BCARS microscopy to in-situ image pre-designed microstructures fabricated by TPP in real-time.21 With the incident laser power of BCARS imaging low, CARS images showed a real-time TPP process with an imaging speed of two frames per second for (512 × 512) pixels. The high imaging speed of CARS microscopy could provide quantitative chemical information on photo-polymerization, which help understand the underlying reaction mechanisms and optimize the writing conditions.

FIGURE 14 (a) Molecular structures of the photoresist components used for TPP (from top to bottom): the photoinitiator Irgacure 369, and the two acrylic monomers SR499 and SR368, respectively. (b) Tilted view of a microstructure fabricated by TPP acquired by scanning electron microscopy. (c, d) x-y sectioned CARS images of the same microstructure before washing away the unpolymerized portion of the photoresist at 1643 cm−1 and 1628 cm−1, respectively. (e) CARS spectra of microstructures fabricated by TPP with different laser average powers. (f) Extracted Im{χ(3)}-amplitude of spectra in (d) using the ME method. (g) Degree of conversion (DC) of the photoresist patterned by TPP as a function of average laser power. Three steps were specified to elucidate the polymerization mechanism characteristic of multifunctional acrylic monomers: for region I, DC grows very slowly, and TPP is inhibited by the molecular oxygen in and around the photoresist; for region II, TPP occurs and DC increases rapidly; and for region III, diffusion dominates in both propagation and termination of TPP, DC rate slows down with further increasing average laser powers. Reprinted with permission.20 Copyright 2009, American Chemical Society.

Perspectives
Toward Quantitative CARS
As the quality of the optical methods for acquiring CARS spectral imagery has improved over the last 20 years, so have the opportunities and challenges to extract and quantify detailed chemical information ever. Of primary importance is the extraction of Raman vibrational signatures from raw CARS spectra. Under the assumption that the NRB is either independently measurable or a surrogate material with negligible Raman components and an identical NRB is available, the previously mentioned KK or ME methods (which are functionally equivalent38) may be simply used. Practically, however, the NRB is not measurable in isolation and surrogate materials only approximate the NRB of the sample; thus, leading to spectrally-varying distortions in phase and amplitude. Their errors, however, were recently demonstrated to be removable in post-processing using, not coincidentally, a Kramers–Kronig relationship.33 Even more recent efforts have applied deep learning methods to extract Raman signatures,35,37 with promising early results.
Efforts for accurate extraction of Raman signatures brought forth the concept of normalized CARS spectra.63 In effect, it is not currently possible to quantify the nonlinear susceptibility and the NRB for a sample. In lieu of this, however, Masia et al. demonstrated that it was feasible to calculate the ratio of extracted Raman signal of the sample to that of a relatively weak reference material, such as coverslip glass.63 Thus, measurements under different conditions (i.e., system variability) would be normalized out. Later, extending this concept, Camp, et al. demonstrated that it was possible to normalize Raman-from-CARS spectra by their own NRB (in post-processing); thus, providing a self-referencing, system-independent method of generating quantitatively comparable spectra.33 Figure 15 compares traditional methods of Raman extraction with normalization to surrogate/reference materials with the newer self-referencing method. The choice of reference material has a significant effect on the intensity of the retrieved Raman peaks – both absolutely and relatively; thus, inter-sample comparisons are sensitive to choice of reference material. The image and the spectra in Figure 15(c) and (d), respectively, demonstrate a newer method for extracting the sample’s own NRB; thus, the reference material plays a reduced role in the final outcome. A significantly faster (up to real-time) approach using the same theoretical formalism was also recently described using linear algebra/machine learning concepts.36

FIGURE 15 Method of extraction of Raman signatures from BCARS spectra determines comparability, robustness, and interpretation of results. (a, c) Pseudocolor BCARS imagery of murine pancreas tissue using coverslip or water as the NRB surrogate/reference material for the KK with additional processing steps. (b, d) Single-pixel spectra for the location marked ‘X’ in (a)/(c). In (a) and (b) amplitude detrending was utilized to mitigate the difference in NRB shape between the real NRB and the reference materials. This procedure effectively normalizes the retrieved Raman signatures to the reference material; thus, sample- and system-comparisons require use of the same reference. A new method uses the KK followed by so-called phase detrending and scaling to retrieve the NRB from the sample itself; thus, the selection of the reference material is much more relaxed and has less of an effect as shown in (c) and (d). The starred region of the spectra differ owing to Raman resonant peaks found in coverslip glass that do not exist for water. Adapted with permission from33. Copyright 2016, Wiley-VCH.

With rapid improvements in CARS spectroscopic imaging speeds and bandwidth, the ability to identify chemical constituents and their relative abundance at each pixel is an area of active research. Under the paradigm that a person has measured a large library of unique spectra from known analytes i.e., a database, it is facile to regress the relative abundance. There is a more general problem, though, when there does not exist a database: “endmember extraction”/ “hyperspectral unmixing”.64 These methods, primarily developed in the geosensing community, aim to extract both pure-analyte spectra and abundances across images. Some of these methods are capable of extracting pure-analyte spectra even when all pixels contain spectra from mixtures. Within the CARS community, multivariate curve resolution (MCR),65 a related method, nonnegative matrix factorization (NMF),63 and vertex component analysis (VCA)66 have demonstrated quantitation of analyte abundance without database development for biological and chemical samples.
Toward 3D Orientation
Polarization-controlled optical imaging methods have characterized spatially-resolved optical anisotropy of heterogeneous materials. As discussed previously, CARS microscopy has also been used to map the local molecular orientations based on polarization-dependent CARS signals. However, the 2D-projected orientation imaging cannot provide the complete 3D orientation information. Several high-resolution imaging methods have been developed to measure the 3D orientation angles of highly dispersed objects by analyzing finely z-scanned defocused images,67 comparing with point spread functions,68 or detecting emissions from 2D-degenerate fluorophores.69 However, those exquisite methods can be applied only to single molecules, isolated crystals, or defects; thus, they are inappropriate for continuously distributed materials like polymers or tissues. Recently, Lee proposed a theory for an analysis protocol to determine the 3D angles of molecular orientation by concurrently analyzing multiple 2D-projected polarization-dependent vibrational spectra of either CARS emission39 and IR absorption.70
Although the theory seems straightforward, extracting 3D orientation angles from nonlinear CARS data is more challenging than processing linear IR absorption data. First, NRB needs to be eliminated because the polarization dependence of NRB is likely different from that of resonant Raman signals of interest. Then, a priori knowledge of the tensor symmetry of the molecular polarizability of the interesting Raman mode is required because the polarization profile can be affected by not only the orientation angles but also the tensor symmetry of the Raman mode.41 Another challenge is to correct the birefringence effect on nonlinear CARS signals. As shown in Figure 16, the phase delay of a CARS signal passing a birefringent medium can cause not only intensity variation but spectral distortion, which results in peak shift and even negative Raman intensity after the KK retrieval. Lee proposed a protocol to eliminate the birefringence contribution from polarization-controlled CARS data without knowing the tensor symmetries of individual Raman modes.71
Despite the complexity in interpretation, polarization-controlled CARS microscopy can determine two order parameters, áP2ñ and áP4ñ, among which áP4ñ cannot be obtained by polarization IR microscopy.47 Also, CARS microscopy can image at high spatial resolution, as large as ten times compared to IR microscopy, which depends on the frequency of the vibrational mode.

[bookmark: _Hlk69986962]FIGURE 16 The birefringence effect on a polarization-controlled CARS spectrum and its KK-retrieved spectrum. (a) When linearly polarized incident lights are irradiated with polarization angle (h), a CARS signal is generated at the entrance of the sample and then propagates through the birefringent medium. Phase delay (d) occurs between the fast axis (n1) and the slow axis (n2) after it passes through the birefringent medium. (b) CARS spectra simulated based on PE for various polarization angles when d = p/2. (c) Resonant susceptibility spectra KK-retrieved from the six spectra in (b) without birefringence correction. (d) Birefringence-corrected Raman susceptibility spectra calculated from the six spectra in (b). (e–h) Polar plots of the KK-retrieved Raman susceptibilities with (solid lines) and without (dotted lines) birefringence correction at four representative frequencies. Adapted with permission.71 Copyright 2020, The Optical Society.

Conclusion and Outlook
[bookmark: _Hlk70604847]Polymer researchers have used CARS microscopy to study the physics and chemistry of various polymeric systems by taking advantage of its unique imaging capabilities, including rapid 3D-sectioning, label-free chemical identification, and chain orientation measurement. Spectral peak analyses of Raman peaks can identify not only the polymer species at each image pixel but also differentiate various molecular configurations of polymer chains; for example, crystalline vs. amorphous polymers; monomers vs. polymers; and pristine vs. oxidized polymers. CARS microscopy was used to image the complex 3D structures of polymer blends and composites with consisting chemicals identified without fluorescence labeling. Polarization-controlled CARS imaging characterized the local chain orientations of stretched samples and structured spherulites with high spatial resolution. The rapid imaging speed of CARS imaging allowed monitoring of the kinetics of photo-polymerization, self-healing reactions, and molecular diffusions such as drug release and water diffusion. We discussed two present measurement challenges to CARS microscopy: quantitative chemical imaging and quantitative molecular orientation. These measurands can be greatly useful for advancing CARS microscopy as a robust and reliable imaging tool with interlaboratory comparability and SI traceability.
New types of functional polymers, such as those used in additive manufacturing for 3D printing,72 and shape-memory polymers,73 are more complex than conventional polymer products in their microscopic structures and alignment. In addition to rapid 3D sectioned imaging, in-situ monitoring of the functional materials could be extremely useful towards understanding the evolution of the molecular structure and the structure-property relationship of those smart functional polymer products. Other applications of high-throughput CARS microscopy can be the identification and quantitation of microplastics74 and biodegradable polymers,75 which are both essential for conserving the environment and the sustainable circular economy.
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