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Methods and Material 

VPA imaging system. The setup employs a Nd:YAG (Quantaray) pumped optical parametric oscillator 
(OPO, Panther Ex Plus, Continuum) as the irradiation source (Fig. S1). The OPO provides 10 Hz, 5-ns 
pulse trains in both visible and near-infrared ranges up to 2400 nm. The near-infrared radiation line was 
collimated into an inverted microscope (IX71, Olympus) for performing VPA spectroscopy and 
microscopy. The laser beam was focused by an achromatic doublet lens (30 mm focal length; 
customized with near-infrared antireflection coating) or a 10X objective (UPLSAPO, Olympus). The 
focal volume, which determines the lateral resolution, is in a confocal geometry related to the focus of 
an ultrasound transducer. 

The photoacoustic signal was detected by a focused-type, 20 MHz transducer (V317, Olympus NDT) 
with a 50% bandwidth that theoretically gives an axial resolution of about 132 μm. The acoustic signal 
was coupled by a water-filled tube and redirected into the transducer at a prism-water interface due to 
the impedance mismatch of the acoustic wave (Fig. S1). The reflection efficiency of the splitter was 
about 90%. A 28 dB preamplifier (ZFL-500LN, Mini-Circuits) and a receiver (40 dB, 5072PR-15-U, 
Olympus NDT) were used for signaling. The photoacoustic signal was filtered by a 1 MHz high-pass 
filter, monitored by an oscilloscope (TDS5000B, Tektronics), and recorded via a LabVIEW (Naitonal 
Instrument) program. The energy of each radiation pulse was detected by an energy sensor (J-10Ge-LE 
Quantum EnergyMax Sensor, Coherent) and recorded as a reference for the signal normalization.  

For the VPA spectroscopic study, the sample of interest was loaded into a glass tube of 1 mm inner 
diameter. The sample tube was placed in a container and immersed in water. The midpoint of the tube 
was located within the focus of the transducer. The radiation beam was weakly focused and centered in 
the sample tube. In the spectroscopic study, the VPA signal was normalized according to the recorded 
energy of the pulsed radiation.  

To implement the VPA imaging, a 2-D scanning stage (ProScan H117, Prior) was equipped to 
perform raster scanning in the XY plane. The stage was controlled via the LabVIEW program through a 
RS232 interface. The time-resolved detection of the photoacoustic waves with the 2-D raster scanning in 
the XY plane generates volumetric data on which an imaging reconstruction is grounded. Each 
volumetric data point was acquired at the repetition rate of the laser. With the 10 Hz repetition rate of 
the current laser system, the acquisition time for a VPA image was about 17 minutes. 
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Photoacoustic Raman spectroscopy. Two nanosecond laser beams were used to test the stimulated-
Raman-enhanced photoacoustic signal [1]. The 1064 nm line from the Nd:YAG laser and the idler beam 
from the OPO output were collinearly combined to provide the Stokes and pump beams, respectively. 
With the pump beam tuned to 816 nm that generates a frequency difference at around 2850 cm-1, we 
were able to test the stimulated-Raman-enhanced photoacoustic signal of CH-rich samples. The 
occurrence of stimulated Raman scattering was monitored by detecting the signal of coherent anti-
Stokes Raman scattering (CARS) which occurs simultaneously with the stimulated Raman scattering 
process. Pertinent filters (two 670/40 nm filters and an infrared blocker) were used for the signal 
detection via a photomultiplier tube (R636, Hamamatsu). The backward CARS signal was detected to 
ensure the occurrence of the stimulated Raman scattering process. Meanwhile, the photoacoustic signal 
was monitored by the signaling equipment and the transducer described in the VPA imaging system. 

VPA signal processing and image reconstruction. The recorded signal waveforms were analyzed with 
a program on a MATLAB (MathWorks) platform. Hilbert transformation was performed to retrieve the 
envelope of the signal amplitude. The envelope of the signal amplitude of each pixel was normalized 
according to the recorded pulse energy. Normalized signals were reconstructed into a 3-D array for 
image reconstruction according to the locations coded in the time-resolved waveforms and the XY 
scanning pattern. The generated volumetric image renders sectional images, maximum amplitude 
projection (MAP) images, and 3-D images. In the current work, the signal values presented in 8 bits 
images are the result of the normalized amplitude multiplied by 100. The 2-D images were reconstructed 
under the MATLAB program, while 3-D images were built via ImageJ. 

Ossabaw porcine model and arteries. Obese, cardiometabolic risk pigs were fed high-fat/high-
cholesterol/high-fructose diet, which was composed of 2% cholesterol, 20% kcal from fructose, and 
43% kcal from hydrogenated soybean oil coconut oil, and lard [2]. The genetic predisposition of 
Ossabaw pigs to obesity and metabolic syndrome promotes the development of atherosclerosis [3-4]. 
Carotid arteries including the bifurcation of the internal and external carotids were harvested and then 
preserved in 10% phosphate-buffered formalin. Before imaging, arteries were washed by PBS and 
incised longitudinally for luminal imaging.  

Histology analysis. For the histological evaluation, the arterial slices at the sections inspected by VPA 
microscopy were stained by hematoxylin and eosin (H&E) and Masson trichrome. The Masson 
trichrome was used to identify vascular collagen (blue). Histology images were acquired using a light 
microscope (Olympus Vanox, Olympus) equipped with air objectives and a Spot RT CCD Camera 
(Diagnostic Instrument Inc.). Atherosclerotic lesions were analyzed following the scheme suggested by 
the American Heart Association [5-7] as we have described previously [3]. 

Drosophila melanogaster culturing and preparation. Larvae of y w Drosophila melanogaster were 
raised at 25°C under constant light on a standard mixture of agar, cornmeal, and yeast [8]. During 
imaging, Drosophila larvae were embedded in 2.5% agar gel. The larvae were released from agar after 
the experiment. We confirmed the vitality of the larvae according to the motility and body fluid 
movement after the experiment. 
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Ethical review of procedures. The experimental procedures and protocols involving Ossabaw pigs 
were approved by an Institutional Animal Care and Use Committee and complied fully with the Guide 
for the Care and Use of Laboratory Animals (National Academy press, Washington, DC, 1996) and the 
American Veterinary Medical Association Panel on Euthanasia [9]. Experiments involving tissues and 
blood were approved by the Purdue Animal Care and Use Committee of Purdue University and 
performed in accordance with the Laboratory Animal Program guidelines. 
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Supplementary Figures and Legends 

 

 

 
 
Supplementary Figure S1. Schematic illustration of the VPA imaging system. The system allows 
performing VPA spectroscopy and microscopy with near-infrared pulses as well as typical PA imaging 
with visible radiations. The VPA signal is normalized by the pulse energy measured with an energy 
sensor. Optical signals, such as coherent anti-Stokes Raman Scattering, can also be recorded using a 
photomultiplier tube. ES: energy sensor, OPO: optical parametric oscillator, Obj: objective lens, T: 
ultrasound transducer, PMT: photomultiplier tube, Exp: expander, DAQ: data acquisition devices, PC: 
computer. Inset panel shows the schematic of ultrasound collection and detection.  
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Supplementary Figure S2. VPA signal based on overtone absorption. (a) A representative ultrasound 
waveform recorded by the VPA system and the result of Hilbert transformation. (b) VPA spectrum of 
butanal (butyraldehyde) as a result of the 2nd overtone absorption of CH bond stretch. The gray and red 
indicate the C-H and C-O bonds, respectively. (c) The amplitude of the VPA signal is linearly 
proportional to the excitation energy. 
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Supplementary Figure S3. VPA spectrum of 25 mM cholesterol solution. (a) VPA spectrum of 
chloroform and VPA spectrum of the 25 mM cholesterol solution. (b) The difference between the two 
spectra in panel a. 
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Supplementary Figure S4. VPA signal intensity from olive oil versus the thickness of collagen 
matrix (3D collagen, Chemicon). The penetration depth was about 7 mm at the e-1 signal level in the 
semi-opaque collagen-matrix phantom. 
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Supplementary Figure S5. 3-D VPA imaging of an oil bubble in a PDMS slab with pulsed 
radiation at 1200 nm. (a) Schematic drawing of 3-D image reconstruction scheme based on the time-
of-flight of a pressure transient. (b) Schematic drawing of a concave-surfaced oil bubble embedded in a 
PDMS layer. (c) 3-D reconstruction result of the VPA image of an oil bubble. (d) Planar (XY) images of 
the oil bubble at different depths monitored by VPA microscopy. 
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Supplementary Figure S6. B-scan VPA image of an oil bubble in a PDMA slab. (a) Schematic 
drawing. (b) Sectional (YZ plane), also known as B-scan, VPA image based on the excitation of the 2nd 
overtone of CH bond stretch.  
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Supplementary Figure S7. Resolution measurement of the VPA imaging system equipped with the 
doublet lens. (a) Light microscopic image of an oil-filled microfluidic channel with an internal height of 
60 μm. (b) Planar (XY plane) VPA image of the channel. Comparing the size with the image in panel a, 
the lateral resolution is about 72 μm. (c) A sectional VPA image (B-scan, parallel to the YZ plane) of 
the channel. (d) Intensity profile along line I and II in panel c. The axial resolution defined as the full 
width at half maximum is about 130 μm. The dashed lines mark the half maximum level.  
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Supplementary Figure S8. VPA imaging of intramuscular fat with a 10X objective as a focusing 
lens. (a) Low magnification image (left) and zoomed-in image (right) of the intramuscular fat. (b) and (c) 
show the signal profiles of the two lines marked I and II, respectively, in the right panel of a. The 
profiles indicate that the lateral resolution, defined as the full width at half maximum, is c.a. 7 μm. 
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Supplementary Figure S9. Histological evaluation of Masson trichrome at locations interrogated 
by VPA spectroscopy in Fig. 2(b). (a-c) Gross (upper row) and zoomed-in (lower row) histology 
images of Masson trichrome staining of the three locations interrogated in Fig. 2(b). Lesion milieus, 
from I, II and III, include a thickened intima, an intermediate plaque without a necrotic core or fibrotic 
lesion, and a relatively advanced lesion with the formation of a lipid core, respectively.  
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Supplementary Figure S10. Selective imaging of collagen and fat in a phantom by VPA 
microscopy. (a) VPA image at 1200 nm excitation selectively shows CH rich compositions with a 
strong contrast from fat embedded in an agar phantom. (b) VPA image of adventitial collagen by 
excitation at 1350 nm in the same phantom,  
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Online Videos 

Video 1. 3-D VPA animation of a confluent lipid core in an atheromatous artery.  
Video 2. 3-D VPA animation of scattered lipid deposition in an arterial wall.  
Video 3. 3-D VPA animation of mild fatty streaks in an affected artery. 
Video 4. 3-D VPA animation of fat bodies in the entire 3rd-instar larva of Drosophila melanogaster. 
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