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Abstract 

 Vibrationally resonant sum-frequency generation (VR SFG) microscopy is an advanced imaging 

technique that can map out the intensity contrast of infrared and Raman active vibrational modes with 

micron to submicron lateral resolution. To broaden its applications and to obtain molecular level of 

understanding, further technical advancement is needed to enable high-speed measurements of VR SFG 

microspectra at every pixel. In this study, we demonstrate a new VR SFG hyperspectral imaging platform 

combined with an ultrafast laser system operated at a repetition rate of 80 MHz. The multiplex configuration 

with broadband mid-infrared pulses makes it possible to measure a single microspectrum of CH/CH2 

stretching modes in biological samples, such as starch granules and type I collagen tissue, with an exposure 

time of hundreds of milliseconds. Switching from the homodyne- to heterodyne-detected VR SFG 

hyperspectral imaging can be achieved by inserting a pair of optics into the beam path for local oscillator 

generation and delay time adjustment, which enables self-phase-stabilized spectral interferometry. We 

investigate the relationship between phase images of several different C–H modes and the relative 

orientation of collagen triple-helix in fibril bundles. The results show that the new multiplex VR SFG 

microscope operated at a high repetition rate is a powerful approach to probe the structural features and 

spatial arrangements of biological systems in detail. 
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Introduction 

 Microscopic imaging based on contrasts from nonlinear interactions between electromagnetic 

fields and molecular vibrations has been developed as an effective approach to identify chemical species at 

a micrometer scale.1-5 Nonlinear vibrational microscopy enables us to perform label-free and non-

destructive measurement of specimens under ambient conditions, which is technically advantageous over 

fluorescence based optical microscopic methods. Moreover, nonlinear techniques have features that 

overcome some drawbacks of conventional Raman and Fourier transform infrared (FT IR) microscopy. For 

example, the signal strength in coherent anti-Stokes Raman and stimulated Raman microscopy is larger 

than that of Raman microscopy.1,6 The poor spatial resolution of mid-IR imaging is highly improved in 

vibrationally resonant sum-frequency generation (VR SFG) microscopy,7-21 which utilizes a nonlinear 

process involving an infrared-active vibrational transition and Raman-active signal generation by a tightly 

focused visible light. IR microscopic techniques with submicron spatial resolution were also possible based 

on other principles.22-24 Applications of these nonlinear vibrational microscopy have been reported in a 

variety of research fields, such as life sciences, biomedical analysis, and biophotonics. 

 Although nonlinear microscopic images collected at a few specific wavelengths may be sufficient 

to shed light on certain phenomena at the microscales, to achieve a deeper understanding at molecular level 

requires measuring multiple bands in a wider range of vibrational microspectra. Variations in sample 

morphology and inhomogeneity can lead to subtle changes in peak frequency and line width that are less 

ambiguously revealed in a continuous spectrum than a sparsely recorded spectrum. It is, therefore, a current 

trend to couple microscopes with broadband light sources and to observe the spatial dependence over a 

significant spectral range. Hyperspectral imaging, which standardly acquires a continuous spectrum with a 

multichannel detector at each pixel of a scanned sample, has been experimentally implemented in nonlinear 

Raman microscope measurements,25-28 and proven to be a powerful analytical tool. 

 To achieve hyperspectral VR SFG imaging, some prior studies have combined VR SFG 

spectroscopy in multiplex configuration29-35 with a microscope setup. Multiplex VR SFG imaging systems 

with homodyne and heterodyne detection have been developed using ultrashort pulse lasers with a repetition 

ratio of kHz.11,17,19,20 The lateral spatial resolutions of these microscopes are in the range from 1.111 to a few 

m,17,19,20 mainly limited by the numerical aperture of objective lens and incident beam arrangement. While 

these microscopes are powerful, it is important to develop new approaches operating at a repetition rate 

higher than kHz, especially for nonlinear microscopy measurement of biological samples. For example, an 

intermediate repetition rate of 1–10 MHz is preferred in some cases. Two-photon excitation fluorescence 

microscopy at such a repetition rate enables deep tissue imaging with less photothermal damage of 

superficial tissues36 and observation of fluorophores with longer lifetimes.37 On the other hand, a high 

repetition rate of ~80-MHz to GHz is useful for suppressing unwanted nonlinear photodamage with low 

https://doi.org/10.1021/acs.jpcb.1c05430
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pulse energies and for obtaining a high average intensity of nonlinear signal, as demonstrated in a second 

harmonic generation (SHG) microscopy study.38 Detecting signals at a high repetition rate can reduce the 

dwell time needed for signal average at each pixel and hence enable fast image acquisition. Realization of 

hyperspectral VR SFG microscopy with a repetition rate of MHz is highly desirable because it can be 

employed as a valuable research tool to study biological samples. Currently, it can be carried out only by 

manually scanning the wavelength of narrowband mid-IR pulses15,18 or by a more intricate system based on 

a sub-10-fs laser and a pulse shaper.21 It remains as an important goal to technically demonstrate the 

feasibility and usefulness of multiplex VR SFG microscopy at a high repetition rate.  

 In this work, we construct a new VR SFG microscope with multiplex configuration based on a 

femtosecond Ti:sapphire oscillator and a home-built optical parametric oscillator (OPO) with a repetition 

rate of 80 MHz. We demonstrate that VR SFG microspectra of biological specimens, such as starch granules, 

can be measured with submicron lateral resolution and a subsecond acquisition time without tuning the 

wavelength of mid-IR light. Moreover, we enable heterodyne detection of VR SFG signal with a collinear 

beam geometry to significantly enhance the phase stability. We apply this technique to the structural 

analysis of fibrous collagen tissue and show that different C–H stretching modes exhibit different levels of 

sensitivity to the relative orientation. This novel microscope will be a powerful platform for chemical 

imaging through vibrational modes that are both IR and Raman active. 

 

Experimental Section 

A. Phase-sensitive VR SFG microscope with collinear and multiplex configuration 

 Figure 1a shows the schematics of the VR SFG microscope setup. Femtosecond mid-IR pulses at 

3.42 m with an 80-MHz repetition rate were generated from a home-built OPO with a periodic poled 

LiNbO3 nonlinear crystal.39 It was synchronously pumped by 780-nm pulses from a Ti:sapphire oscillator 

(Spectra-Physics, Tsunami XP) excited with a diode-pumped frequency-doubled CW laser (Spectra-

Physics, Millennia eV). The conversion efficiency of the OPO is about 4%. A part of the 780-nm 

femtosecond pulses was sent to a 4f pulse shaper composed of a diffraction grating, an achromat lens, and 

a mechanical slit to narrow its spectral width to ~ 1 nm, as shown in Figure 1b. Although 780 nm is typically 

classified as near-IR, we will refer to it as “visible” in this paper. The polarization directions of spectrally 

narrowed visible pulses and femtosecond mid-IR pulses were adjusted independently by a half-wave plate 

placed in each optical path. A pair of ZnSe wedged windows on a computer-controlled translation stage 

was set in the optical path of mid-IR pulses to adjust the delay time. The two excitation pulses were 

combined with a dichroic mirror and collinearly sent to an inverted microscope frame (Olympus, IX-73) to 

acquire VR SFG images by a point scanning approach. The excitation beams were focused on the sample 

by an aluminum coated reflective objective lens (Edmund, NA = 0.65, magnification = 74×). The sample 

https://doi.org/10.1021/acs.jpcb.1c05430


J. Phys. Chem. B, 125, 9507 (2021). Please cite this article as DOI: 10.1021/acs.jpcb.1c05430 

 

5 
 

was scanned by a piezo stage (nPoint, nPBio200). The nonlinear signal generated in the forward direction 

was collected with a condenser and separated from the visible excitation pulse with a shortpass filter. The 

polarization component of the signal was selected by an analyzer. An optical fiber was used to send the 

signal to a spectrograph with a 1600-by-200-pixel electron-multiplying CCD camera (Princeton 

Instruments, ProEM Excelon) for VR SFG hyperspectral imaging. The lateral spatial resolution was 

estimated to be ~0.61 m by imaging BaTiO3 nanoparticles on a glass cover slip (Figure 1c). The temporal 

response of the multiplex VR SFG microscope was characterized by measuring the frequency-resolved 

cross-correlation signal from a 50-m-thick z-cut quartz on the sample stage (Figure 1d).  The measured 

response was fitted well by a convolution of a narrowband visible pulse with a FWHM of 16 cm−1 and a 

broadband mid-IR pulse with a spectral width of 185 cm−1.  

 In phase-sensitive measurements, we adopted the collinear configuration to achieve high phase 

stability17,40 and generated the local oscillator (LO) before the sample.41 The visible and mid-IR pulses were 

                              

           

Figure 1. (a) Experimental setup of phase-sensitive multiplex VR SFG microscope coupled with collinear 

excitation light sources of an 80 MHz repetition rate. (b) The spectrum of visible pulses spectrally narrowed 

by a 4f grating-slit pulse shaper. (c) Frequency-integrated SFG image of a 300 nm diameter BaTiO3 

nanoparticle. The scale bar length is 500 nm. The right panel shows the intensity along a white dotted line in 

the acquired image. (d) Experimental and fitted 2D plots of frequency resolved cross-correlation between the 

visible and mid-IR pulses. The spectral slices at the delay time zero (dashed lines) are shown in the top panel. 

The right panel shows the delay time dependence of SF intensity integrated over the wavelength axis. 

https://doi.org/10.1021/acs.jpcb.1c05430
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focused on a 50 m thick z-cut quartz wafer using a concave mirror to generate the LO pulses. The three 

beams were collimated by another concave mirror and sent through a 1.59 mm thick ZnSe window before 

the objective lens. Here the ZnSe window serves as a delay adjuster to generate a time delay between the 

sample signal and the LO, tLO (Figure 2a). This time delay was characterized by measuring the interference 

between the LO and the nonresonant signal from a z-cut quartz wafer on the sample stage (Figure 2b). 

Fourier transform of the interference fringes shows that tLO is 2.74 ps (Figure 2c).  

 We chose ZnSe as the delay adjuster based on the following considerations. The wavelength 

dependence of the group velocity, 𝑣𝑔(𝜆), and the relative time lag caused by traveling the distance of 𝑙 in a 

material with a refractive index of n(𝜆),42 ∆𝑡𝑣𝑔
(𝜆), are calculated below:  

𝑣𝑔(𝜆) = 𝑐/(𝑛 − 𝜆
𝜕𝑛

𝜕𝜆
), (1) 

∆𝑡𝑣𝑔
(𝜆) = 𝑙 𝑣𝑔(780)⁄ − 𝑙 𝑣𝑔(𝜆)⁄ , (2) 

where  is the wavelength of light, 𝑐 is the speed of light in vacuum, and 𝑙 is set to the unit length of 1 mm. 

Figure 2d shows ∆𝑡𝑣𝑔
(𝜆) as a function of , indicating that mid-IR experiences a shorter time lag compared 

to the 780-nm light whereas the LO at 635 nm experiences a longer time lag. If the trailing edge of the 

visible pulse overlaps with the mid-IR pulse in the z-cut quartz to generate the LO, a 1.59-mm-thick ZnSe 

 
Figure 2. (a) Schematics to illustrate collinear heterodyne detection in the VR SFG microscope using a ZnSe 

window as the delay adjuster. Two snapshots in time are shown: (left) LO generation in the z-cut quartz. 

(right) Signal generation in the sample. The delay time between the visible and mid-IR pulses as well as the 

time separation between the signal and LO fields (tLO) are adjusted by the ZnSe window. (b) Heterodyne 

detected interferograms of the nonresonant signal from a z-cut quartz wafer. The amplitude of Fourier 

transformed signal in (c) has a peak at 2.74 ps due to tLO. (d) Wavelength dependence of the relative time 

lag caused by traveling through ZnSe with the unit length of 1 mm. The reference wavelength was set to 780 

nm. 

https://doi.org/10.1021/acs.jpcb.1c05430
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window can make their peaks to coincide in time on the sample as shown in Figure 2a, and give rise to tLO 

= 2.82 ps. This calculated value is reasonably close to the measured value (Figure 2c). The stability of 

interference pattern was maintained at least over hours in this simple collinear beam configuration (Figure 

2b). It should be noted that other mid-IR transparent materials, such as CaF2, induce a much smaller time 

delay per unit length (Figure 2d). To cleanly extract VR SFG spectra of CH3/CH2 stretching modes from 

the measured interferograms, tLO needs to be several ps long. Therefore, a commercially available thin 

ZnSe window is more suitable for this purpose than a much longer optical rod.  

To calibrate the homodyne and heterodyne detected data, we measured the nonresonant signal from 

a z-cut quartz on the sample stage as a reference and used it to normalize all of the spectra at each pixel of 

VR SFG images. To minimize the difference in tLO for the sample and reference, we carefully chose glass 

cover slips of the same thickness to support the tissue and quartz wafer. Heterodyne detected spectra were 

processed with the standard method used in SFG spectroscopic studies of interfaces34,41 except for including 

an additional factor of complex number i because our measured signal originates from noncentrosymmetric 

regions of bulk sample. The average powers of the spectrally-narrowed visible and broadband mid-IR 

beams were ~ 5 and ~ 2 mW, respectively, in front of the reflective objective lens. All images were scanned 

over 100  100 pixels. All spectra were obtained by binning horizontal 4 pixels of the CCD output.  

 

B. Sample preparation 

 Rat tail tendon tissues were sliced and flattened between two glass cover slips to prepare collagen 

samples with a thickness of ~100 m. The longitudinal axes of fiber strands were aligned parallel to the 

polarization direction of the excitation pulses on the sample stage. Starch granules were obtained from the 

surface of a sliced potato. They were suspended in water from a Milli-Q purification system, deposited on 

a glass cover slip, and dried up in a vacuum desiccator overnight before VR SFG microscope measurements. 

 

Results and Discussion 

 Figure 3 shows homodyne detected VR SFG microscope images and spectra of potato starch 

granules acquired on resonance with CH/CH2 stretching modes. The polarization directions of the signal, 

visible, and mid-IR pulses are the same, as indicated by the arrow in Figure 3a. The exposure time at each 

pixel is 100 ms. The frequency-integrated intensity image clearly exhibits a lenticular shape of each granule, 

typically observed under an optical microscope.43 Starch granules are mainly composed of amylose, a linear 

chain of -D-(1 → 4) glucosidic linkages, and amylopectin, a highly branched glucan that has primarily -

D-(1 → 4) linkages and occasional -D-(1 → 6) linkages that are responsible for the branching. The ratio 

of the two polymers varies with botanical sources: starch in potato contains about 20–30% amylose.44,45 

The structure of starch granules consists of growth rings, blocklets, and crystalline and amorphous lamellae. 

https://doi.org/10.1021/acs.jpcb.1c05430
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It is generally accepted that crystalline regions consist of double helices formed by short chains of 

amylopectin whereas amorphous regions consist of longer chains of amylopectin and probably amylose. 

Crystalline lamellae of native potato granules have been shown to take the B-type crystalline structure,46 

and they generate strong SHG signals47 as well as VR SFG signals from CH and CH2 modes.48 It was also 

observed that VR SFG intensity spectra of research grade type III amylose powders and V-type amylose 

exhibit no9 and very weak48 peaks of CH/CH2 stretching modes, respectively.  

 It is intriguing that different locations of a granule do not necessarily have the same VR SFG spectra 

of CH/CH2 modes. The normalized spectrum measured at 1 in Figure 3a exhibits multiple bands in the 

range from 2800 to 3050 cm−1. The peaks at 2918 and 2864 cm−1 are clearly noticeable, with complicated 

lineshape. The spectrum at 1 is similar to the VR SFG spectrum of amylopectin from maize measured by 

Mizutani and coworkers,9 except that our spectrum does not have a peak at ~2970 cm−1. Kong et al. observed 

a strong peak at 2904 cm−1 with a shoulder on the lower frequency side, and a weak peak at 2952 cm−1 in 

VR SFG spectra for acid hydrolyzed native potato as well as for other B-type starches.48 The origins of the 

former and latter peaks were assigned to the axial CH on the ring and exocyclic CH2 groups, respectively. 

Several factors may contribute the differences of spectral shape, for example, incident angles and 

polarization of light fields, interference with nonresonant response, and crystallinity affected by sample 

preparation. In fact, when we set the polarization directions of visible and mid-IR pulses to be perpendicular 

with each other, the spectrum (Figure S1) exhibits peaks at 2900 and 2955 cm−1, similar to the reported 

spectrum.48 The normalized spectrum acquired at the location 2 on the same granule is similar to that 

measured at 1, but clearly the intensity of the apparent peak at 2864 cm−1 is smaller. We fitted the 

normalized spectra by the following equation29,32 

                                        

 
Figure 3. Homodyne detected VR SFG images and spectra of potato starch granules. (a) Frequency-

integrated VR SFG image. The white arrow indicates the polarization direction of excitation pulses and the 

detected signal. Right panels show the normalized spectra measured at two different locations of the granule 

(red line) and spectral fittings (blue line). VR SFG images at 2918 and 2864 cm−1 are shown in (b) and (c), 

respectively. 

 

https://doi.org/10.1021/acs.jpcb.1c05430
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𝐼(𝜔) ∝ |𝜒𝑁𝑅
(2)

+ ∑
𝐴𝑞

𝜔−𝜔𝑞+𝑖Γ𝑞
𝑞 |

2

, (3) 

where 𝜒𝑁𝑅
(2)

 represents the nonresonant response; 𝐴𝑞 , 𝜔𝑞 , and Γ𝑞  are the amplitude, frequency, and line 

width parameter of the vibrational mode q in the Lorentzian model, respectively. The spectral features are 

well reproduced (Figure 3a) with four peaks at 2880, 2900, 2929, and 2943 cm− (Table 1 and Figure S2).  

Disappearance of the band at 2880 cm− accounts for the difference of the two spectra reasonably well. This 

peak frequency is lower than those identified in FT-Raman (2911 and 2933 cm−) and ATR FT IR (2896, 

2901 and 2926 cm−) spectra of commercially available amylopectin and amylose.49 The monomer unit, -

D-glucose, exhibits well resolved peaks of CH and CH2 stretching modes below 2900 cm− in Raman (2883 

and 2895 cm−)  and FT IR (2855, 2877 and 2892 cm−) spectra, and calculation indicates that normal modes 

are highly delocalized over several CH bonds.50 Hieu et at. observed a peak at 2885 cm− in VR SFG 

spectroscopy measurement of dry -D-glucose, and assigned it to the CH stretching mode at C(6).51 Based 

on these assignments, we attribute the band at 2880 cm− to a vibrational mode with a dominant contribution 

from the CH2 stretching mode in the -CH2OH unit. Prior work on starch retrogradation52 and cellulose53 

suggested that the < 2900 cm− band assigned to the CH2 vibration of the sugar ring is sensitive to 

conformational change or crystallinity of the sample. Therefore, we suggest that the spatial variation in the 

amplitude of the 2880 cm− band is related to microscopic structure of amylopectin molecules in granules. 

Figures 3b and 3c show the VR SFG intensity images at 2918 and 2864 cm−, respectively. Figure 3b 

resembles the frequency-integrated Figure 3a whereas Figure 3c substantially differs from Figure 3a, 

demonstrating the inhomogeneous molecular environment inside granules of potato starch. Besides 

CH/CH2 stretching modes, there are other useful vibrational modes to investigate the effects of external 

stimulus and hydration on starch samples.54,55 Future application of hyperspectral VR SFG imaging in a 

TABLE 1. Frequencies (in cm−) and amplitudes extracted from fitting the VR SFG spectra of potato starch 

measured at locations 1 and 2 on a single granule. The linewidth parameter Γ𝑞 was set to 10 cm− for all 

components. 

 

 Location 

 1 2 

𝜒𝑁𝑅 0.52 0.45 

A1 at 1 = 2880 -2.0 0 

A2 at 2 = 2900 3.6 4.0 

A3 at 3 = 2929 -4.2 -4.2 

A4 at 4 = 2943 -3.1 -3.5 
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wide range of wavelengths will enable further insights into the details of granules with a sub-micron spatial 

resolution. 

 We explored the usefulness of heterodyne detected multiplex VR SFG microscopy by applying it 

to type I collagen fibers in rat tail tendon tissues. The collinear and multiplex configuration enabled us to 

acquire hyperspectral images with more reliable phase stability than the method of scanning the wavelength 

of narrow band mid-IR pulse and overlapping the signal with the LO field passing through an external 

optical path, as performed in our previous study.14  The type I collagen molecule takes a triple helical 

structure (Figure 4a) composed by polypeptide chains with repeating units X-Y-Gly, where the residues X 

and Y are often occupied by proline or hydroxyproline (Figure 4b).56 Figures 4c and 4d show an example 

of heterodyne detected interferogram and the corresponding VR SFG spectrum of collagen tissue sample, 

respectively. We detected a strong peak at 2948 cm− and several additional peaks at 2991, 2867, and 2816 

cm−. The spectral shape is almost identical to that measured for native type I collagen fibrils by 

transmission VR SFG spectroscopy with PPP polarization configuration.57 In that study, the band at 2949 

cm− is assigned to the Fermi resonance between the symmetric stretching and bending overtone modes of 

CH2 group, and the band at 2994 cm− is assigned to the asymmetric CH2 stretching mode.  

 VR SFG amplitude images (Figure 5, top), acquired with an exposure time of 250 ms, and mapped 

out at the peak frequencies, clearly exhibit aligned fibrillar strands of collagen. Besides the signal strength 

 
Figure 4. Heterodyne detected VR SFG spectrum of rat tail tendon tissue: (a) Polarization direction of 

incident and generated light fields and triple-helix axis orientation in the laboratory coordinate system; (b) 

Molecular structure of a repeating unit proline-proline-glycine in a model peptide; (c) Raw heterodyne 

detected interferogram; (d) Squared amplitude of the corresponding VR SFG microspectrum from (c). 

 

https://doi.org/10.1021/acs.jpcb.1c05430
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difference between images, there is no noticeable frequency dependence. On the contrary, images plotting 

the imaginary part of processed interferometric data (Figure 5, bottom) reveal a change in phase and a clear 

frequency dependence. In the images at 2948 and 2991 cm−, the area of the same phase has a width of 

about 15–20 m and is elongated along the direction of fiber strands. The same kind of phase flip was also 

detected at 2950 cm− in our previous VR-SFG microscopic study using narrow band mid-IR pulses,14 and 

an interferometric SHG microscopy study by Légaré and coworkers.58 In the experimental configuration of 

Figure 4a, where the rat tail tendons are oriented along the Z axis of the laboratory coordinate system and 

the incident and detected light fields are also polarized along the same direction as the fiber axis of collagen, 

the second-order nonlinear susceptibilities of CH2 symmetric and asymmetric stretching modes are 

described by eqs 4 and 5, respectively:32,59 

  

𝜒𝑍𝑍𝑍,CH2ss
(2)

= 𝑁 CH2ss[〈sin2 𝜓〉𝛽CH2ss
𝑎𝑎𝑐 + 〈cos2 𝜓〉𝛽CH2ss

𝑏𝑏𝑐 ]〈cos 𝜃〉

− 𝑁 CH2ss[〈sin2 𝜓〉𝛽CH2ss
𝑎𝑎𝑐 + 〈cos2 𝜓〉𝛽CH2ss

𝑏𝑏𝑐 − 𝛽CH2ss
𝑐𝑐𝑐 ]〈cos3 𝜃〉, (4) 

 

𝜒𝑍𝑍𝑍,CH2as
(2)

= 2𝑁CH2as𝛽CH2as
𝑎𝑐𝑎 〈sin2 𝜓〉[〈cos 𝜃〉 − 〈cos3 𝜃〉], (5) 

 

where 𝑁 CH2ss (CH2as) and 𝛽CH2ss (CH2as)
𝑖𝑗𝑘

 (𝑖, 𝑗, 𝑘 = 𝑎, 𝑏, 𝑐) are the number and the hyperpolarizability tensor 

component in the molecular fixed coordinate system (𝑎, 𝑏, 𝑐) for CH2 symmetric (asymmetric) stretching 

mode, respectively. The two coordinate systems are connected by the Euler angles, 𝜃 and 𝜓, as defined in 

Figure S3a, and their orientational average is represented by the bracket operator in eqs 4 and 5. These 

 
Figure 5. Heterodyne detected VR SFG images of rat tail tendon tissue. Amplitude (top) and imaginary 

part (bottom) of VR SFG spectra at (a) 2948, (b) 2991, (c) 2867, and (d) 2816 cm− are mapped out. The 

white arrow in (a) indicates the polarization direction of the excitation and the detected signal fields. 
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equations are valid under the assumption that the CH2 groups are azimuthally symmetric around the fiber 

axis, represented by the other Euler angle 𝜙. We analyzed the structure of a model collagen triple helix 

peptide [(Pro-Pro-Gly)10]3 determined by the X-ray diffraction (PDB code: 1K6F)60 and found that the CH2 

groups of proline rings and glycine show a random orientation of  𝜙 (Figure S4). The analysis also indicates 

that 𝜃 and 𝜓 have a limited angle distribution in helical chains, and hence it is not adequate to further 

simplify eqs 4 and 5 by assuming isotropic rotation for these angles. When the fiber orientation is rotated 

by 180° from the Z axis, the angles 𝜃 and 𝜓 are converted to (𝜋 − 𝜃) and (𝜓 + 𝜋), respectively; the sign 

of 𝜒𝑍𝑍𝑍,CH2ss
(2)

 and 𝜒𝑍𝑍𝑍,CH2as
(2)

, in the equations is flipped and revealed in the phase resolved VR SFG images 

in Figure 5a,b. The phase flips of both symmetric and asymmetric CH2 modes are theoretically explained, 

and hence we consider that the domains with different phases in Figure 5a,b reflect the relative orientation 

of collagen fiber bundles. In a recent study of nonlinear optical Stokes ellipsometric microscopy with ab 

initio calculations, it was proposed that roughly half of collagen fibrils are antiparallel with the fiber axis.61 

 In contrast, the images at 2816 and 2867 cm− in Figures 5c,d exhibit the same phase over almost 

the whole scanned region of collagen tissue. The two weak bands between 2800 and 2900 cm− observed 

for the collagen sample have not been clearly assigned to specific vibrational modes in the literature. In FT 

IR spectral analysis of a collagen model dipeptide, L-prolyl-L-hydroxyproline, some peaks below 2900 cm− 

were reported under the CH2 ring modes without clear attributions.62 The proline and hydroxyproline 

residues have CH groups on C and the stretching mode may contribute to the VR SFG spectrum. In 

previous VR SFG studies of polymers, some peaks observed in 2850–2910 cm− range were assigned to the 

CH stretch.63,64 The second-order nonlinear susceptibility of this mode with C∞v symmetry is described 

as32,59 

𝜒𝑍𝑍𝑍,CH
(2)

= 𝑁CH[𝛽CH
𝑎𝑎𝑐〈cos 𝜃〉 + (𝛽CH

𝑐𝑐𝑐 − 𝛽CH
𝑎𝑎𝑐)〈cos3 𝜃〉] , (6) 

where 𝑁CH and 𝛽CH
𝑖𝑗𝑘

 are the number and the hyperpolarizability tensor of CH mode, respectively. When 𝜃 

is replaced with (𝜋 − 𝜃), 𝜒𝑍𝑍𝑍,CH
(2)

 also reverses its sign, just like those in eqs 4 and 5. Therefore, assigning 

2867 cm− to the CH stretch cannot explain the uniform phase sign in the collagen tissue observed in Figure 

5c. 

 According to amino acid composition analysis of type I collagen from rat tail tendon, alanine exists 

more frequently (10.53%) than any other residues (< 5%), following glycine (33.22%) and proline / 

hydroxyproline (21.96%).65 The peaks at 2816 and 2867 cm− may be assigned to the C–H stretching modes 

of CH3 and CH2 groups in side chains of alanine and other residues. For example, Kaplan and coworkers 

measured FT IR spectra of a type I collagen film and assigned the peak at 2876 cm− to CH3 stretching 

modes of side chains.66 However, 𝜒𝑍𝑍𝑍
(2)

 of the CH2 and CH3 stretching modes does not have terms that 
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include even functions of 𝜃, such as 〈cos2 𝜃〉, no matter how they are orientated around the helical axis. 

Therefore, the localized CH2 mode with C2v symmetry or CH3 mode with C3v symmetry would always 

exhibit the phase flip as explained above. This is not consistent with the observed phase images in Figures 

5c,d. 

 One important factor to consider is the distribution of the helical axis in collagen fibril bundles. 

Indeed, several previous studies, including SHG microscopy67 and NMR,68 reveal that collagen triple-

helices are oriented at a tilt angle from the fibril axis, where the mean tilt angle is about 2–5° and the 

standard deviation is around 12–19° for tendons.  The tilted helical axis will affect the orientational average 

in eqs 4–6 and smear out the clear phase flipping expected for the CH and CH2 modes in antiparallel fibrils. 

This effect will be more significant for vibrational modes having the Euler angle 𝜃 close to 90°, compared 

to modes with a small 𝜃, as schematically illustrated in Figure 6. When a mode in a triple helix is pointing 

nearly perpendicular to the helical axis, eqs 4–6 may keep the same sign in another antiparallel helix if the 

tilt angle 𝛼 is sufficient to make (𝜋 − 𝜃 − 𝛼) less than 90° (Figure 6b). Therefore, the phase information 

from such a mode cannot indicate the relative orientation of collagen fibers. As shown in Figure S4, CH 

and CH2 of proline residues, and CH2 of glycine residues have 𝜃 ~ 90° in the [(Pro-Pro-Gly)10]3 model 

triple helix.60 Interestingly, Dong and coworkers reported 94.8° as 𝜃  averaged for all pyrrolidine CH2 

                                                                                 

Figure 6. Schematics to illustrate how the sign of eqs 4,5 is affected by the orientation and tilt angle () of 

collagen triple-helix (green cylinder). (a) When  is small, a sign change will result from arranging the triple-

helix in the antiparallel orientation with or without tilting [(𝜋 − 𝜃) and (𝜋 − 𝜃 − 𝛼) are both larger than 

90°]. (b) When  is close to 90°, antiparallel orientation with tilting may give rise to no sign change [𝜃 and 

(𝜋 − 𝜃 − 𝛼) are both less than 90°].  

https://doi.org/10.1021/acs.jpcb.1c05430
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groups in type I collagen from rat tail tendon based on polarization-resolved SHG microscopy 

measurements.69 On the other hand, the CH2 modes which are not perpendicular to the helical axis, such as 

CH2 and CH2, are less sensitive to small tilting (Figure 6a), and hence phase sensitive VR SFG 

measurements of these modes can probe the different signs resulting from fiber orientation more clearly. 

Previous VR SFG signals of collagen probed at 2882 cm− exhibit very different polarization dependence 

from that at 2949 cm−, suggesting that these bands have different molecular origins and spatial 

arrangements.14 Taken all together, we can tentatively associate Figure 5c with CH2 modes having a 𝜃 close 

to 90° (Figure 6b), whereas Figures 5a,b can be associated with CH2 modes having a small 𝜃 (Figure 6a).  

Another consideration is that for large biological molecules like collagen, it is less likely that a 

spectral band can be exclusively attributed to the C–H stretching mode of one specific CH, CH2, or CH3 

group in amino acid residues. Also, some combination of CH2 stretching modes of pyrrolidine rings may 

contribute to the observed bands in this frequency range. Somorjai and coworkers detected a peak at 2875 

cm− in the VR SFG spectrum of L-proline on d8-polystyrene, and attributed its origin to a combination of 

CH2, CH2 and CH2 symmetric stretching modes.70,71 For coupled vibrators in the collagen triple helix,  

the symmetry of the hyperpolarizability tensor is not as simple as C2v of a single CH2 group. In this case we 

will not be able to rely on eqs 4 and 5 to predict the relationship between the phase of VR SFG signal and 

fiber orientation; further vibrational analysis and theoretical treatment will be needed. 

In chemical analysis based on microspectra, a high frequency resolution is preferred. The frequency 

resolution of the VR SFG microscope developed in this study is limited by the spectral width of visible 

pulses (Figure 1b). The width of the mechanical slit in the 4f pulse shaper could be further narrowed at the 

sacrifice of the incident power to the microscope. To optimize the SFG signal strength and frequency 

resolution, it would be beneficial to replace the fixed-ratio beam splitter in Figure 1a with, for example, a 

combination of half-wave plate and polarizing beam splitter to enable continuous adjustment of the power 

ratio between pumping the OPO and going through the pulse shaper. We expect that this method can 

increase the current frequency resolution, at least, by a factor of 2. Another way to achieve further 

improvement is to perform high resolution broadband SFG spectroscopy by synchronized femtosecond and 

picosecond laser systems, as innovated by Wang and coworkers.72 

 The total acquisition time of a VR SFG hyperspectral image using the current experimental scheme 

is mainly determined by the exposure time on the CCD camera at each pixel. The multiplex configuration 

allows us to obtain hyperspectra from a specific sample position with significantly better signal-to-noise 

ratio and is much faster than the wavelength scanning method without concerns to maintain spatial overlap 

of visible and mid-IR pulses.73 However, if we want to simply acquire a VR SFG image at a specific 

wavelength, the new multiplex scheme takes a longer time than the previous method.12 This drawback can 

be overcome by directing the frequency-dispersed signal to another detection port on the monochromator 
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and measuring the intensity through a slit by a photo multiplier tube while scanning the sample. Data 

collection time for one image will be significantly reduced, to an order of a minute, similar to what we 

recorded previously for the same sample.12 The multiplex system with two detection ports will be very 

versatile for VR SFG hyperspectral imaging. The multiplex configuration with collinear excitation beams 

and LO is especially superior for phase sensitive measurements over a wide spectral range. Retrieving the 

phase through spectral interferometry eliminates the need to modulate the phase of LO via a modulator. In 

the first phase-sensitive SFG spectroscopy work using narrowband pulses,74 the excitation and LO beams 

are collinear and passing through a phase modulator. A minimum of four spectral scans is necessary to 

achieve phase measurement over a wide spectral range.74 In our previous phase-sensitive VR SFG 

microscope,14 the excitation beams were split to generate LO in a separate optical arm and the LO phase 

was modulated by an electro-optical modulator before it was recombined with the excitation beams. This 

scheme requires two measurements to determine the phase; and the phase stability can only be maintained 

for a short time (~ 2 min). It took 40 min of equipment time to acquire 20 images each for the real and 

imaginary parts and average them to get the phase-resolved images at a single wavelength in ref 14, whereas 

the images in Figure 5 were acquired in 42 min of equipment time and the data contains 400 different 

wavelength points. Collinear LO generation, as implemented in our new microscope, guarantees superior 

phase stability over a long data acquisition time. It also greatly simplifies the alignment procedure. 

 Some interesting properties that can be investigated in the future are the focal depth and optical 

sectioning of VR SFG microscopy. We are able to observe heterodyne detected signals from rat tail tendon 

tissues of ~100 m thickness. However, we expect the maximum sample thickness to be limited due to the 

penetration and scattering of excitation beams and induced SFG signal and LO field in the forward detection.  

 

Concluding remarks 

 In conclusion, we have constructed a new heterodyne detected multiplex VR SFG microscope 

coupled with excitation pulses at an 80-MHz repetition rate and performed hyperspectral imaging with 

submicron spatial resolution. We have demonstrated that a commercially available thin ZnSe window is 

sufficient to adjust the timing between the signal and LO fields in spectral interferometric measurements. 

VR SFG hyperspectra of CH/CH2 stretching modes in biological samples, such as starch granules and type 

I collagen fibers, can be recorded with an acquisition time of less than a second without scanning the 

wavelength of mid-IR light. Our results show that the C–H stretching modes in VR SFG spectra are 

sensitive reporters that can be used to investigate local molecular structure and fiber orientation. Broadband 

mid-IR pulses at longer wavelengths can be generated by nonlinear optical conversions such as difference 

frequency generation, and hence the experimental scheme demonstrated in this work will be widely 

applicable to other vibrational modes in the fingerprint region without further technical modifications. 
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Hyperspectral VR SFG microscopy is a powerful approach to enrich our knowledge of microscopic aspects 

in structural biology and a variety of research fields.  

  

Supporting Information 

The Supporting Information is available free of charge.  

A VR-SFG microspectrum of starch granules acquired with perpendicular polarization configuration; 

absolute-square spectra of the resonant Lorentzian components with the fitting parameters listed in Table 

1; the definition of Euler angles and the molecule-fixed coordinate system that specifies the orientation of 

CH2 and CH groups; and the Euler angles calculated for the three chains of a collagen triple helix model 

peptide. 
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