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Abstract

Vibrational sum-frequency generation (VSFG), a second-order nonlinear optical signal, has 

traditionally been used to study molecules at interfaces as a spectroscopy technique with a spatial 

resolution of ~100 μm. However, the spectroscopy is not sensitive to the heterogeneity of a sample. 

To study mesoscopically heterogeneous samples, we, along with others, pushed the resolution 

limit of VSFG spectroscopy down to ~1 μm level and constructed the VSFG microscope. This 

imaging technique not only can resolve sample morphologies through imaging, but also record 

a broadband VSFG spectrum at every pixel of the images. Being a second-order nonlinear 

optical technique, its selection rule enables the visualization of non-centrosymmetric or chiral 

self-assembled structures commonly found in biology, materials science, and bioengineering, 

among others. In this article, the audience will be guided through an inverted transmission design 

that allows for imaging unfixed samples. This work also showcases that VSFG microscopy can 

resolve chemical-specific geometric information of individual self-assembled sheets by combining 

it with a neural network function solver. Lastly, the images obtained under brightfield, SHG, and 

VSFG configurations of various samples briefly discuss the unique information revealed by VSFG 

imaging.

SUMMARY:

A multimodal, rapid hyperspectral imaging framework was developed to obtain broadband 

vibrational sum-frequency generation (VSFG) images, along with brightfield, second harmonic 

generation (SHG) imaging modalities. Due to the infrared frequency being resonant with 

molecular vibrations, microscopic structural and mesoscopic morphology knowledge is revealed 

of symmetry-allowed samples.

*corresponding author: Wei Xiong (w2xiong@ucsd.edu). 

A complete version of this article that includes the video component is available at http://dx.doi.org/10.3791/65388.
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INTRODUCTION:

Vibrational sum-frequency generation (VSFG), a second-order nonlinear optical 

technique1,2, has been used extensively as a spectroscopy tool to chemically profile 

symmetry-allowed samples3–22. Traditionally, VSFG has been applied to interfacial 

systems8–11 (i.e., gas-liquid, liquid-liquid, gas-solid, solid-liquid), which lack inversion 

symmetry – a requirement for VSFG activity. This application of VSFG has provided a 

wealth of molecular details of buried interfaces12,13, configurations of water molecules at 

interfaces14–18, and chemical species at interfaces19–22.

Although VSFG has been powerful in determining molecular species and configurations 

at interfaces, its potential in measuring molecular structures of materials lacking inversion 

centers has not been fulfilled. This is partly because the materials could be heterogeneous 

in their chemical environment, compositions, and geometric arrangement, and a traditional 

VSFG spectrometer has a large illumination area on the order of 100 μm2. Thus, traditional 

VSFG spectroscopy reports on ensemble-averaged information of the sample over a typical 

100 μm2 illumination area. This ensemble averaging may lead to signal cancellations 

between well-ordered domains with opposite orientations and mischaracterization of local 

heterogeneities15,20,23,24.

With advances in high numerical aperture (NA), reflective-based microscope objectives 

(Schwarzschild and Cassegrain geometries), which are nearly free of chromatic aberrations, 

the focus size of the two beams in VSFG experiments can be decreased from 100 μm2 to 1–2 

μm2 and in some cases submicron25. Including this technological advancement, our group 

and others have developed VSFG into a microscopy platform20,23,26–36. Recently, we have 

implemented an inverted optical layout and broadband detection scheme37, which enables a 

seamless collection of multimodal images (VSFG, second harmonic generation (SHG), and 

brightfield optical). The multimodality imaging allows quick inspection of samples using 

optical imaging, correlating various types of images together, and locating signal positions 

on the sample images. With the achromatic illumination optics and choice of pulsed laser 

illumination source, this optical platform allows for future seamless integration of additional 

techniques such as Fluorescence microscopy38 and Raman microscopy, among others.

In this new arrangement, samples such as hierarchical organizations and a class of 

molecular self-assemblies (MSAs) have been studied. These materials include collagen 

and biomimetics, where both the chemical composition and geometric organization are 

important to the ultimate function of the material. Because VSFG is a second-order 

nonlinear optical signal, it is specifically sensitive to intermolecular arrangements39,40, 

such as intermolecular distance or twisting angles, making it an ideal tool for revealing 

both chemical compositions and molecular arrangements. This work describes the VSFG, 
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SHG, and brightfield modalities of the core instrument consisting of a ytterbium-doped 

cavity solid-state laser that pumps an optical parametric amplifier (OPA), a home-built 

multimodal inverted microscope and monochromator frequency analyzer coupled to a two-

dimensional charged coupled device (CCD) detector27. A step-by-step construction and 

alignment procedures, and a complete part list of the setup, are provided. An in-depth 

analysis of an MSA, whose fundamental molecular subunit is comprised of one molecule of 

sodium-dodecyl sulfate (SDS), a common surfactant, and two molecules of β-cyclodextrin 

(β-CD), known as SDS@2β-CD herein, are also provided as an example to show how 

VSFG can reveal molecule-specific geometric details of organized matter. It has also been 

demonstrated that chemical-specific geometric details of the MSA can be determined with a 

neural network function solver approach.

PROTOCOL:

1. Hyperspectral line-scanning VSFG microscope

1.1. Laser system

1.1.1. Use a pulsed laser system (see Table of Materials) centered at 1025 nm ± 5 nm. The 

laser is set at 40 W, 200 kHz (200 μJ/pulse) with a pulse width of ~290 fs.

NOTE: The exact repetition rate can vary, and a high repetition rate laser generally works 

better for this VSFG microscope.

1.1.2. Guide the output of the seed laser into a commercial optical parametric amplifier 

(OPA) to generate a mid-infrared (MIR) beam (see Table of Materials). Tune the MIR to the 

frequency of interests (Figure 1A).

NOTE: In the present study, the MIR is centered at 3450 nm ± 85 nm (~2900 ± 72 cm−1) 

with a pulse duration of ~290 fs and pulse energy of ~6 μJ, which encompasses part of the 

−CHx functional group region.

1.2. Up-conversion beam

1.2.1. Pass the residual 1025 nm beam from OPA through a Fabry-Perot etalon (see Table of 

Materials) to produce a spectrally narrowed up-conversion beam with an FWHM of ~4.75 

cm−1.

1.2.2. Spatially filter the narrowed 1025 nm beam with an 8 μm sapphire pinhole.

NOTE: The 1025 nm beam can be visualized using a NIR card.

1.2.3. Control the polarization of the 1025 nm pulse with a λ/2 waveplate (see Table of 

Materials).

1.3. MIR beam

1.3.1. Guide the MIR beam through a delay stage for fine control of the temporal overlap.
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1.3.2. Control the polarization of the MIR with a λ/2 waveplate.

1.4. VSFG microscope

1.4.1. Spatially overlap both up-conversion, and MIR beams at a customized dichroic mirror 

(DM, Figure 1B) that is transmissive to MIR and reflective to NIR (see Table of Materials). 

Use two irises to guide the alignment: one right after the DM, and one at the far end. Use 

a power meter after the iris to determine whether MIR is centered, and use a NIR card to 

locate NIR positions.

NOTE: After the overlap, the NIR beam can be used to guide both beams.

1.4.2. Direct the overlapped beams into an inverted microscope with an integrated 325 Hz 

single-axis resonant beam scanner (mounted to an integrated two-position scanner (I2PS), 

Figure 1B) (see Table of Materials).

NOTE: The resonant scanner projects a line of the two overlapped beams onto the back 

aperture of the condenser objective. It is mounted to a slider which enables the seamless 

reconfiguration between VSFG/SHG and brightfield modalities.

1.4.3. Focus the two spatially overlapped beams onto the sample with a purely reflective 

Schwarzschild objective (SO, Figure 1B,D) (see Table of Materials).

1.4.4. Collect the VSFG signal generated by the sample with an infinity-corrected refractive 

objective (RO, Figure 1B,D) (see Table of Materials).

1.4.5. Guide the collimated output VSFG signal through a linear polarizer and then through 

a telecentric tube lens system composed of two f = 60 mm focal lenses (TL1 and TL2, 

Figure 1B,C) (see Table of Materials).

NOTE: The magnified image from the tube lenses is formed at the entrance slit of the 

monochromator (MC, Figure 1B,C), and the spatially/frequency resolved data is detected on 

a two-dimensional CCD detector (CCD, Figure 1B).

1.5. SHG mode

1.5.1. To switch to SHG imaging, block the IR beam and rotate the grating of the 

spectrograph to 501.5 nm to image the SHG signal.

1.6. Brightfield mode

1.6.1. To switch to brightfield optical imaging, turn on the whitelight source (see Table of 

Materials). Move the integrated slider (I2PS, Figure 1B) to collect brightfield images in the 

counter-propagating direction, with the imaging objective (RO) acting as the condenser and 

the condenser objective (SO) acting as the imaging objective.

1.6.2. Form an image of the collimated output of the refractive objective at the sensor plane 

of an RGB brightfield camera using a commercially available tube-lens system (see Table of 

Materials).
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2. Hyperspectral microscope alignment and vertical CCD axis spatial calibration

2.1. Roughly optimize the position of the sample plane (nano positioner z-axis) using a 

standard sample of ZnO (1 μm thick) pattern sputter coated 15 mm x 15 mm x 0.170 mm 

± 0.005 mm coverslip and bringing it into brightfield focus using the brightfield imaging 

modality.

NOTE: The z-position of the RO as well as the alignment of the white light, may need to 

be adjusted as necessary. A representative image of the ZnO on the glass pattern used for 

alignment calibration is shown in Figure 2.

2.2. Move the I2PS back to the nonlinear illumination arm and optimize the sample height 

for the maximum nonresonant VSFG intensity generated by the ZnO regions observed on 

the CCD camera.

NOTE: The z-position of the RO must be adjusted for maximum intensity. One may have 

to iterate steps 2.1 and 2.2 a few times before the optimal height of the sample, and RO are 

reached.

2.3. Turn the resonant beam scanner on and collect a line of the images.

2.4. Collect nonresonant intensity images by scanning the sample perpendicularly to the 

beam scanner direction. Take vertical slices of the image data and establish the pixel:micron 

ratio. (refer to Figure 3 and its legend).

NOTE: The derivative of these line sections is analyzed to produce the vertical CCD axis 

pixel:micron ratio that will be used for future images.

3. Hyperspectral data collection

3.1. Collect the spectra of a vertical line of the VSFG signals on the CCD, whose spectra are 

dispersed along the horizontal axis and spatial positions are recorded on the vertical axis of 

the CCD.

NOTE: This results in a two-dimensional data set for a single-line section.

3.2. After the line section of the sample is hyperspectrally imaged, scan the sample in the 

axis perpendicular to the line scanning axis using the three-dimensional nano-positioner (NP, 

Figure 1).

NOTE: The 3D nano positioner is important for high precision and reproducibility in 

locating sample regions (x-y plane) as well as bringing the sample into focus (z-axis).

3.3. Iterate between step 3.1 and step 3.2 to collect a VSFG hyperspectral image.

4. Hyperspectral data analysis

4.1. Spectrally unmix the data using the MatLab imaging toolbox hyperspectral imaging 

library workflow41.
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NOTE: Spectral unmixing correlates spatial locations to unique spectra. Matlab code for 

hyperspectral data analysis is provided in Supplementary File 1.

4.1.1. Create a 4-dimensional hypercube (x = spatial, y = spatial, z = frequency-dependent 

intensity, ω = frequency) using the hypercube function in the Matlab image processing 

toolbox hyperspectral imaging library41.

4.1.2. Identify the number of unique spectra with the countEndmembersHFC function with 

a probability of false alarm (PFA) value of 10−7.

4.1.3. Identify unique spectra using the nfindr spectral unmixing function.

4.1.4. Finally, using the sid function, associate each pixel with one of the unique spectra 

identified in the previous step.

NOTE: Additional spectral unmixing and matching methods can be done with alternative 

functions/algorithms offered in the MatLab Hyperspectral Imaging Library41.

4.2 Fit the sum data for each isolated sheet to the Voigt function42 (Supplementary File 1).

NOTE: Lorentzian function represents the pure homogeneous lineshape limit, whereas the 

Gaussian function originates from inhomogeneous limits. In reality, the systems could be in 

a combination of homogeneous and inhomogeneous limits, which requires a Voigt function 

– a common practice for condensed phase spectroscopy, including VSFG.

5. Geometric analysis of the sample

5.1. Determine the geometry of the samples following the procedure mentioned in step 

5.2-5.3. In this study, SDS@2β-CD is used as an example. Derive the symmetry-allowed 

tensor elements of χ(2) based on the C7 symmetry of the molecular subunit of the SDS@2β-

CD meso-sheets sample.

NOTE: The symmetry allowed χ(2) depends on symmetry. To calculate the allowed 

nonlinear susceptibility of any symmetry, refer to reference43.

5.2. Apply the Euler rotation27 to relate the lab frame measurements to the molecular frame.

NOTE: In the case of SDS@2β-CD, its C7 symmetry leads to eight independent equations 

relating 8 output (lab frame χ(2)) to 8 input (6 independent hyperpolarizability β(2) and two 

angles: ϴ, the tilt angle relative to the sample plane of all sheets, and ϕ, the in-plane rotation 

of the sheet (Figure 4)). Two sheets are used to extract the common molecular alignments 

of the two sheets. The relationships between ϕ1 and ϕ2 (in-plane rotation angle of the two 

sheets) can be extracted from the brightfield images. In the current example, ϕ2 = ϕ1 + 60°. 

It is assumed that all molecular unit tile at the same angle, so ϴ1 = ϴ2. This results in 11 

unknowns (9 independent ones, including 6 independent hyperpolarizability β(2), ϴ1 and ϕ1, 

and the relative coverage ratio between sheets N, and the two dependent angles, that are ϕ2, 

and ϴ2) for 16 knowns (8 lab frame polarizations per sheet, and two sheets).
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5.3. Relate the polarization-resolved lab frame χ(2) and molecular frame hyperpolarizability 

β(2) with a neural network function solver.

NOTE: A detailed summary of this approach can be found in reference27.

5.3.1. Create a layered neural network model in Python44 using Keras comprised of 

200-100-50 node structure and a hyperbolic tangent activation function.

5.3.2. Create a randomly generated 100000 x 11 matrix of values of β(2) ϴ1, ϴ2, ϕ1, ϕ2 and 

N. Calculate the corresponding lab frame 16 χ(2), using the equation determined in 5.2 by 

Euler rotations.

5.3.3. Use the calculated χ(2) values (a total of 100,000 by 16 values) as the input, and learn 

to predict 11 values (β(2), ϴ1, ϴ2, ϕ1, ϕ2 and N) when supplied 16 χ(2) values.

5.3.4. Once trained, use another set of 1000 entries with both the inputs and outputs to test 

the trained model. The predicted output and the true output should show a linear relationship 

with a slope of 1.

5.3.5. Lastly, supply the experimentally measured χ(2) from two sheets (each sheet have 

8 χ(2) measured), and use the trained model to predict the tilt angle ϴ, along with other 

properties.

REPRESENTATIVE RESULTS:

The ability of the microscope to discriminate between uniquely organized molecular 

structures and isotropic bulk is demonstrated with the SDS@2β-CD sample23,34 (Figure 

5). In this study, the sample was prepared by adding β-CD and SDS to deionized water (DI) 

water at 2:1 ratio until the two solutes reached a 10% m/m concentration. The suspension 

was then heated to clarity and cool to room temperature overnight. CuCl2 was added at a 

concentration of 1:10 CuCl2:SDS to tune the electrostatic interactions and the mixture was 

allowed to sit for 3–5 days for SDS@2β-CD meso-sheets to form fully. Lastly, isolated 

meso-sheets were produced by drop casting 5 μL of the sheet suspension onto a 15 mm x 15 

mm x 0.170 mm ± 0.005 mm coverslip affixed to a spin coater operating at 10,000 rpm.

The mesoscale sheets formed from their self-assembly with a specific C7 symmetry. 

Yet, it is unclear about the molecular orientation of the single molecular unit in this 

self-assembly, a fundamental knowledge that can influence the material functions. (Figure 

5C). VSFG images of the self-assembled sheets dispersed on a coverslip were captured 

(Figure 6A). Through spectral identification (step 4 Hyperspectral data analysis) using the 

Matlab hyperspectral imaging function, it was found that all sheets can be categorized 

into two types, one with higher VSFG intensity (blue spectra in Figure 6B, and sheets 

labeled in blue in Figure 6A), and the other one with lower intensity. By inspecting and 

comparing with the optical image (Figure 6C,D), the large sheet at the center of the images 

appeared to have stacked double sheets, thereby attributing the smaller VSFG intensity due 

to destructive interference between the two different orientation sheets. The single sheet was 

focused to extract the single molecular unit orientation (blue ones in Figure 6A). Two of 
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the sheets (highlighted in red and blue squares in Figure 6A) were measured by various 

VSFG polarizations, and the spectra were fitted using the Voigt functions. Note the VSFG 

polarization is described in the order signal, up-conversion and MIR. For example, SSP 

means P polarization of IR, S polarization of up-conversion and S polarization of signals.

Then, to extract the molecular orientations, the symmetry-allowed hyperpolarizability, βijk
2

was first determined, allowed by the symmetry selection rule, using the previously published 

procedure43. Then the relationship between the lab frame and the molecular frame is derived 

from Euler rotation27. The tilt angle θ is then extracted using the neural network method 

outlined above, and the tilt angle was found to be ~23° (Figure 6).

Lastly, the ability of multimodal imaging in this platform37 is shown (Figure 7). Here three 

different samples, namely, SDS@2β-CD, collagen, and L-phenylalanyl-L-phenylalanine 

(FF), are studied with the microscope with brightfield, SHG, and VSFG imaging modalities. 

First of all, all samples showed similar morphologies across different imaging modalities. 

Both SHG and VSFG showed intensity variations spatially, which is missing from optical 

images. Because SHG and VSFG both require ordered non-centrosymmetric structures, 

the variation in signal intensity could come from variations in local molecular ordering or 

molecular orientations. Unlike SHG, one can tune the MIR beam of VSFG to be resonant 

with different vibrational modes. In the case shown here, CHx vibrational modes were 

studied at 3.5 μm and Amid-I mode at 6 μm. For FF, VSFG images with strong and uniform 

signals were obtained, suggesting a well-ordered self-assembled structure for all vibrational 

groups – agreeing with its crystalline nature. In contrast, the collagen sample displayed a 

stronger VSFG signal in the CHx region over the Amide region, indicating the samples are 

flexible and their vibrational groups have different degrees of order.

DISCUSSION:

The most critical steps are from 1.42 to 1.44. It is critical to align the objective lens well 

for an optical spatial resolution. It is also important to collect the emitted signal, relay, 

and project the scanning beam as a line at the entrance slits. Proper alignments would 

guarantee the best resolution and signal-to-noise ratio. For a typical sample, like SDS@2β-

CD 100 μm by 100 μm sheets, a good resolution image (~1 μm resolution) with a high 

signal-to-noise ratio would take 20 min. This is already faster than the previous version 

of the instrument24,26. Further enhancement of data acquisition speed can be realized by a 

higher repetition rate laser.

The current limitation is spatial resolution, which could be further improved with 

even higher NA objective optics and potential nonlinear optics-based super-resolution 

techniques45. Heterodyne detection has been applied in VSFG spectroscopy to resolve 

its phase and extract the molecular orientations5,46–48. This is technically doable in our 

experiment. However, VSFG imaging naturally relies on signal scattering off the sample, 

which scrabbles its phase and thereby complicates the relationships between molecular 

orientation and the phase of the VSFG signal.
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Imaging the morphology of materials with chemical specificity is challenging because many 

imaging techniques lack molecular sensitivities. Rapid hyperspectral VSFG microscopy fills 

this void by probing molecular vibrational signatures and revealing molecular alignments of 

mesoscale organized matter that are important in materials science, chemistry, and biology. 

In the future, the reflective nature of the illumination optics will enable other techniques 

to be integrated into the core instrument, further increasing its capabilities and enabling 

multimodal images of chemical, biological, and material samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Multimodal hyperspectral VSFG microscope.
(A) Top view of the core setup. A 1025 nm pump laser was sent to an OPA to generate 

a tunable mid-IR pulse. The residual 1025 nm was frequently narrowed by an etalon (E) 

and spatially filtered into a Gaussian beam by a spatial filter (SFG). Mid-IR and 1025 nm 

beams are spatially overlapped at a customized dichroic mirror (DM) and guided through 

the inverted microscope (boxed region in A). (B) The two beams are sent to a 325 Hz 

resonant beam scanner mounted to an integrated 2-position slider (I2PS), enabling seamless 

switching between brightfield and nonlinear optical modalities. The microscope platform is 
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equipped with a reflective-based infinity-corrected Schwarzschild objective (SO) acting as 

a condenser and a refractive-based infinity-corrected imaging objective (RO) mounted to a 

vertical nanopositioning (VNP) z-axis stage. The SO focuses the line of incoming beams 

that the resonant beam scanner reflects onto the sample while the RO collects the VSFG 

line section of signals. It is important to fine-control the z-axis position of the RO at 1 μm 

precision to ensure the sample is at the best focal condition for high-quality imaging. The 

collimated line of the VSFG signal is then directed to a tube lens system composed of 2 tub 

lenses (TL1 and TL2), forming a magnified image at the entrance slit of the monochromator 

(MC). The frequency-resolved line of spectra is then hyperspectrally imaged on a charge-

coupled device (CCD). After collecting each hyperspectral line, the sample is scanned in 

the axis perpendicular to the resonant beam scanner scanning axis using the NP. To collect 

bright field images of the sample, the I2PS is moved to the brightfield position, and a mirror 

intercepting the white light source (WLS) is installed. Light is then focused by the RO and 

imaged by the SO. An image is then formed at the sensor plane of the brightfield camera 

(BC) at the top of the inverted microscope. (C) Detailed view of the optical path through the 

tube-lens area into the MC and CCD. (D) Detailed view of the sample area between the SO 

and RO.
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Figure 2: 
Representative image quality for rough alignment of brightfield imaging modality of a ZnO 

pattern.
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Figure 3: Vertical axis calibration workflow.
This figure illustrates how to convert the CCD pixels to vertical spatial dimensions in the 

unit of μm. (A) An image is collected and reconstructed of the ZnO patterned coverslip. 

Then, the pixel distance from one to the other edges of the pattern (small vertical bar in 

A). Because the ZnO pattern cross is designed to have a 25 μm width, one can use the 

ratio of physical width to pixel width here to calculate the physical/pixel dimension ratio. 

A representative, vertical axis calibrated image is shown in (B). (C) Lastly, a vertical slice 

is taken as indicated by the red line. (D) The derivative of the vertical slice is taken to 

obtain the spatial resolution. The derivative of the vertical slice is used to obtain the spatial 

resolution.
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Figure 4: Illustration of Euler transformation.
(A) Illustration of the Euler transformation between the laboratory coordinates (XYZ) 

second-order susceptibility χ(2) and the molecular coordinates (xyz) hyperpolarizability βijk. 

z-y′-z″ Euler rotation is performed on the molecular coordinates, with ϕ as the in-plane 

rotation angle, θ as the tilt angle, and ψ as the twist angle. ψ is integrated out for arbitrary 

twist angles about the molecular axis. ϕ is not integrated out because all molecules rotate to 

a specific angle relative to the lab frame to form the self-assembled sheets. N is the relative 

surface coverage of the two sheets. (B) Visualization of the tilted subunits forming a sheet 

determined by the neural network results. This figure has been modified from Wagner et 

al.27.
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Figure 5: Molecular structure, morphology and potential orientation of SDS@β-CD.
(A) Top-view and (B) side-view chemical structure of SDS@β-CD. (C) Representative 

heterogeneous sample distribution of the mesoscale sheets on the sample plane. The 

molecular subunit could have different orientations and alignment on the substrate, which is 

unknown. This figure has been modified from Wagner et al.27.
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Figure 6: Polarization resolved VSFG image overlay with brightfield modality.
(A) Polarization resolved (SSS) hyperspectral VSFG image of SDS@2β-CD. Purple and 

pink colors represent areas where different spectra reside, and the corresponding spectra are 

plotted in (B), which are representative spectra for single pixels with signal-to-noise ratio for 

blue and magenta spectra ~56 and ~26, respectively. The sheets in the red and blue boxes are 

analyzed explicitly below to extract the supramolecule tilt angles. (C) Brightfield image of 

the same area as that in (A). (D) VSFG hyperspectral image overlayed with an optical image 

of an identical area. (E) From left to right: PPS, PPP, SSP, and SSS polarization resolved 

spectra summed over 180 and 480 pixels within the two single sheets highlighted in red 

and blue boxes in (A). All spectra had a dominant feature centered at approximately 2910 

cm−1 and a signal-to-noise ratio in the order of 1000. The spectra were fitted with multiple 

Voigt functions, which were represented by the shaded areas, and used for further orientation 

analysis. This figure has been modified from Wagner et al.27.
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Figure 7: Multimodal images of three different samples.
(Ai–Aiii) SDS@2β-CD brightfield, SHG (PP polarization) and, VSFG (PPP polarization) of 

3.5 μm region images, respectively. Nonlinear images are overlaid with brightfield images. 

Chemical structures of SDS and 2β-CD are shown in the inset of ai. (Bi–Biv) Lyophilized 

collagen brightfield, SHG (PP polarization), VSFG (PPP polarization) of 3.5 μm and 6 

μm regions respectively. The chemical structure of the primary protein trimer residue of 

collagen, composed of glycine, proline, and hydroxyproline, is shown in the inset of Bi. 

(Ci-Civ) FF brightfield, SHG (PP polarization), and VSFG (PPP polarization) of 3.5 μm and 
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6 μm regions respectively. The chemical structure for the FF molecular subunits is shown in 

the inset of ci. All 6 μm images are taken under a purged nitrogen instrument environment to 

remove attenuation from ambient air moisture. SDS@2β-CD does not have a VSFG image 

at 6 μm because it does not have Amid groups.
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