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Biomedical Imaging

Biophotonics
provides a view of the 

cellular and molecular world

Optical Coherence Tomography (OCT)

Analogous to ultrasound imaging, but 
with near‐infrared light

► Cellular‐level resolution

► Real‐time volumetric imaging

► Digital computational analysis

► Compact and modular optical systems
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Multi-Dimensional OCT Imaging

Tissue Specimen

Cross-Sectional Imaging En face Imaging

Real-Time
3-D Imaging

Intra-Operative Imaging Platform
based on:

OCT:  Optical Coherence Tomography
ISAM:  Interferometric Synthetic Aperture Microscopy

Computed Imaging of Histology 

500 µm

Intra-Operative Imaging System

Intraoperative OCT for Image-Guided Breast Cancer Surgery

1.0 mm

Negative Surgical Margin:  Adipose cells, cell nuclei, vasculature

Positive Surgical Margin:  Heterogeneous high-scattering regions

Isolated Tumor Cells at Margin (DCIS)

1.0 mm

1.0 mm

DCIS DCIS & IDC

3-D OCT Positive Tumor Margin

Cancer Research 69:8790, 2009

3 mm

Adipose Tumor Stroma

Low-Coherence Interferometry
Guided Optical Needle Biopsy

Tech. Cancer Res. Treat. 8:315, 2009

3-D OCT Lymph Nodes
(Trans-Capsule Imaging)

IEEE Engr. Med. Biol.
29:63, 2010Annals Surgical Oncology, In press, 2015

Cancer Research, In press, 2015

• Contrast Agents:

• Spectroscopic Methods:

• Nonlinear Interferometric Vibrational Imaging (NIVI):

Optical Molecular Imaging Techniques
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Motivation

• Stained histopathology is the gold standard, but 
remains subjective

• New sensitive assays for rapid analysis and 
quantitative molecular histopathology are needed

• Can we develop label-free optical molecular 
spectroscopy and imaging technologies that can 
rapidly and quantitatively diagnose disease?

Optical Scattering Processes for Tissue Diagnosis

Elastic Scattering Processes:  Reflectance, Structural OCT

Inelastic Scattering Processes:  Fluorescence, Spontaneous Raman

Stimulated Coherent Inelastic Scattering Processes:
Stimulated emission, Stimulated Raman scattering
Four-wave mixing processes, SHG, THG
Coherent Anti-Stokes Raman Scattering (CARS)

• Coherent Anti-Stokes Raman Scattering (CARS) produces 
measurable signal with sufficient power

• Take advantage of the coherent nature of CARS and use 
interferometry to provide both amplitude and phase information 
for molecular diagnostics



Nonlinear Optical Molecular Imaging 
and Mapping of Biomolecules

Coherent Anti-Stokes Raman
Scattering Microscopy and Spectroscopy

p = pump laser frequency 

s = Stokes laser frequency 

AS = anti-Stokes output frequency 

Tune frequency difference (p - s) to match
molecular vibrational levels (|1> and |0>)

Nonlinear Interferometric Vibrational Imaging 
and Spectroscopy

Coherent CARS beam is generated in both arms and 
interfered to generate a molecule-specific image
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Nonlinear Interferometric 
Vibrational Imaging

Transmission Light 
Microscopy

Vinegoni, et al, Optics Express 12:331, 2004
Marks and Boppart, Phys. Rev. Lett. 92:123905, 2004

Coherent Anti-Stokes Raman Scattering (CARS)
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Spontaneous Raman 
Scattering

Nonlinear Interferometric Vibrational Imaging (NIVI)
• Interferometric detection based on a coherent reference signal

• Amplitude and Phase determination (Im[3)] = Raman spectra)

• NIVI is linear in molecular concentration

• Raman lineshape is free of non-resonant background

• Enables quantitative spectral decomposition for analyzing mixtures or 
differentiating subtle spectral features between molecules

• Significantly faster than Raman spectroscopy, and enables imaging

Marks, et al., Appl. Phys. Lett. 85:5787, 2004                                                     Bredfeldt, et al., Opt. Lett. 30:495, 2005

Raman Spectrum Retrieval

Jones, et al., Opt. Lett. 31:1543, 2006

Nonlinear Interferometric Vibrational Spectroscopy

Wavelength calibrated spectral interferogram
referenced to the pump wavelength.

Modulus of the time domain polarization obtained by 
inverse Fourier transforming the interferogram in (A). 

From the t > 0 response, identify the short-time non-
resonant component (follows the Stokes pulse 
shape) and long-time resonant (vibrational 
dephasing) component. 

NIVI spectrum of a silicone film obtained as the 
imaginary part by Fourier transforming the time 
response in (C). 

Comparison of NIVI and Raman Spectra
(Materials Sample)

Benalcazar, et al., IEEE J. Sel. Topics
Quant. Elect., 16:824-832, 2010

Hyperspectral Imaging

Silicone

Sodium
Silicate

Comparison of NIVI
and Raman Spectra

(Biological Sample)

Rat mammary tissue
adipose and stroma

NIVI acquisition time
10 ms/pixel

10,000 pixels/image
100 s/image

Raman acquisition time
50 s/pixel

500 times faster
Limited spectral range

~ 200 cm-1

Benalcazar, et al., IEEE J. Sel. Topics Quant. Elect., 16:824-832, 2010

Targeted Spectral Peaks in Mammary Tissue



Molecular Differentiation
using NIVI

Spectral Decomposition

(i) Linear decomposition of 
basis spectra for (j)

(j)      Single point spectrum 
from NIVI

Mammary Tissue
(a) Tissue lipids
(b) Tissue proteins
(c) Methyl oleate
(d) Collagen type I

Benalcazar, et al., IEEE J. Sel. Topics Quant. Elect., 16:824-832, 2010

NIVI Cross-Sectional Images of Skin (Porcine)

Fixing Media

250 µm
High signal from lipids surrounding 

hair follicle (subcutaneous adipose layer)
Hair Sebaceous gland

Skin -
Epidermis

High signal from lipids 
in dermis and 
hypodermis

Skin -
Dermis

Skin -
Hypodermis

In general, every pixel is a linear 
superposition of the signals for lipids 
and collagen

Can obtain the proportion in which 
both are combined in the resulting 
signal

By doing this for each pixel, a quantitative spatial mapping of these two domains is possible

55% collagen

45% lipids

+= =

Two main spectral features were observed:  Collagen & Lipids

NIVI Image Analysis 
for Quantitative 

Molecular 
Composition

Spectral Identification of Collagen and Lipid Domains

Spectral
Resonant
Power

Regions containing 
collagen in blue

Regions containing 
lipids in red

Both domains

Possible nerve: no signal in interior, surrounded by
myelin sheath giving strong lipid-like signal

Boundary of dermis & 
subcutaneous adipose tissue

Spectral Decomposition
of NIVI Signals from 

Porcine Skin

Benalcazar and Boppart, Analytical and Bioanalytical Chemistry,
400:2817-2825, 2011
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Spectral Decomposition of NIVI Signals from Skin

Benalcazar and Boppart, Analytical and Bioanalytical Chemistry, 400:2817-2825, 2011



High-Speed Nonlinear Interferometric Vibrational 
Analysis of Lipids by Spectral Decomposition

Chowdary, et al., Analytical Chemistry, 82:3812-3818, 2010

High-Speed Nonlinear Interferometric Vibrational 
Analysis of Lipids by Spectral Decomposition

Chowdary, et al., Analytical Chemistry, 82:3812-3818, 2010

Singular value basis functions with significant 
contributions to vibrational peak at 3010 cm-1.

Dotted line best represents degree of unsaturation 
in the oils (Nc-c/mL).

Relative Nc-c/mL derived from NIV and 
Raman spectra plotted against iodine 
assay.

Values are with respect to Nc-c/mL for olive 
oil (1.44 x 1021).

Quantitative Molecular Histopathology by 
Spectrally-Resolved NIVI

 Carcinogen-induced rat mammary tumor model 
(replicates human DCIS)

 At 12 weeks, animals euthanized, mammary tumors 
removed, flash-frozen, fresh tissue used

 Sectioned for NIVI and standard hematoxylin and 
eosin (H&E) histopathology

Two normal control animals (6 tissue specimens)

Three tumor-bearing animals (13 tissue specimens 
from 5 different tumors)

Biological Pre-Clinical Tumor Model

Chowdary, et al., Cancer Research 70:9562, 2010

Quantitative Molecular Histopathology 
by Spectrally-Resolved NIVI

Singular Value Decomposition (SVD) to reduce 
NIVI data to a few SVD basis spectra

Quantitative Molecular Histopathology

Images 100 x 100 pixels, 
500 x 500 µm2, 10 ms/pixel

Small ellipsoids represent 4 standard deviations 
Decision line based on logistic regression

99% confidence intervals based on Student’s t-test

Automated
Molecular Tumor

Margin Identification

Chowdary, et al., Cancer Research 70:9562, 2010

Promising but Challenging for Clinical Translation
Molecular imaging for cancer detection

Limited clinical translation

100‐fs 
Ti:sapphire OPO

<10 fs 
Ti:sapphire

Complex free‐space multi‐laser system

Conventional histology:
time‐consuming and subjective



 

Shaped pulses

Spectral and Temporal Tailoring of Light

Tu and Boppart, Laser & Photonics Reviews, 7:628, 2013

Tu and Boppart,  Journal of Biophotonics, 7:9, 2014

Liu, et al., IEEE J. Sel. Top. Quant. Elect., 18:1209, 2012

Local pulse compression for 2PF, SHG, and THG imaging
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Pulses for short‐wavelength 2PF
Pulses for long‐wavelength 

2PF, SHG, and THG

Selective 2PF imaging Label‐free multimodal imaging of porcine skin
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10 μm

Compressed

Uncompressed

TPF – 930‐990 nm ex.; SHG, THG – 1100‐1160 nm ex.
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Supercontinuum generation, imaging system, and pulse shaping
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wavelength (nm)

SC generation

Abbreviations
DC: dichroic mirror; FW: filter wheel; Gl: 
glass; HWP: half‐wave plate; IS: isolator; KYW: 
potassium yttrium tungstate; L: lens; NDF: 
neutral density filter; OBJ: objective; PCF: 
photonic crystal fiber; PM: parabolic mirror; 
PMT: photomultiplier tube; Yb: ytterbium. 

Original SC pulses Local pulse 
compression

2PF
SHG
3PF
THG

Adaptive spectral 
focusing

CARS
(SRS)

Optimal pulse shaping

Rat mammary tumor 
development week 1‐9 

Arbitrary 
waveform 
generation

Broadband 
ultrafast 

coherent source 
with uniform 
spatial profile

+

670‐1000 nm 
missing >1000 nm 
band

720‐950 nm
missing >1000 nm 
band

400‐2200 nm
incoherence/noise

400‐2200 nm
incoherence/noise

980‐2200 nm
low spectral 
power

Fianium

NKT

Toptica

Programmable excitation light
becomes an electronic variable
…not an alignment setting

Wavelength

PCF all‐normal
PCF conventional

D=0

Input

Heidt, JOSA B (2010) 
Tu, Opt Express (2010) 
Hooper, Proc SPIE (2010)

Experiment

Theory

Before 
shaper

After 
shaper

“Coherent” supercontinuum generation
by all‐normal dispersion photonic crystal fibers

Theory

Experiment, non‐PM PCF

Experiment, PM PCF

Before 
shaper

After 
shaper

Coherent supercontinuum generation
by polarization‐maintaining all‐normal dispersion photonic crystal fibers





Molecular imaging by multiphoton techniques

o Intrinsic molecular contrast
o Optical sectioning
o Deeper penetration
o Reduced photodamage

Two‐photon 
fluorescence (2PF) 

Second harmonic 
generation (SHG)

Three‐photon 
fluorescence (3PF)

Third harmonic 
generation (THG)

Coherent anti‐Stokes Raman scattering (CARS)
and stimulated Raman scattering (SRS)

Ω

Fluorescence
Optical non‐

centrosymmetry
Fluorescence

Optical 
heterogeneity

Molecular
vibration

CARS

SRS

Ω

Supercontinuum + pulse shaping
for molecular imaging in tumor microenvironments

Pulse 
shaper

2PF

SHG

THG

CARS

Coherent 
fiber SC

3PF

Breast cancer
microenvironment

Molecular imaging 
and profiling

50 µm

Tu* and Liu* et al. Label‐free multiphoton molecular imaging of microvesicles with programmable supercontinuum‐enhanced contrast. Submitted 2015
Liu et al. Label‐free molecular profiling for identification of biomarkers in mammary tumor development using multimodal multiphoton imaging. Submitted 2015 
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Multi‐modal nonlinear imaging of human breast cancer
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CARS spectra of specified areas in THG images 

Human breast tissue obtained from Carle Hospital after surgical removal

Modalities and corresponding contrast mechanisms:
• CARS‐protein: vibrational frequency 3050 cm‐1

• CARS‐lipid: vibrational frequency 2840 cm‐1

• 2PF: long‐wavelength auto‐fluorescence (targeting flavins)
• SHG: collagen
• 3PF: short‐wavelength auto‐fluorescence (targeting NADH)
• THG: interfaces and small molecules

1041‐nm 
220‐fs 
80‐MHz
1 W 

700600500400300
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Programmable user‐friendly optical molecular imaging
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Blood vessel‐
associated 
microvesicles
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Driving Hypothesis

1. Sparse cancer cells release extracellular vesicles to 
modulate their microenvironment inside the tissue. 

2. Numerous normal cells of the tissue accept the 
vesicles to switch their metabolism from energy 
production to biomass production.

3. The switched metabolism induces a structurally 
modified microenvironment (tumor organ) that 
promote the proliferation, invasion, and metastasis 
of the cancer cells.

Label‐free multimodal multiphoton molecular imaging

CARS 2850 cm‐1

CARS 3050 cm‐1

3PF

2PF

THG

SHG

Histology
Hyperspectral

CARS

25 μm

Multiphoton molecular profiling in situ
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Human breast cancer tissue

Correlation of multiphoton responses
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Reading multiphoton molecular profiles Multiphoton molecular biomarkers in mammary tumor development

Finding multiphoton biomarkers
in a carcinogen‐induced rat model

o Phenotypic features

o Molecular features

o Correlations and transformations

Multimodal multiphoton imaging
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Multiphoton biomarkers
• FAD‐fluorescent cell Ce (2PF)
• Locally dense collagen Co (SHG, THG)
• Tumor‐associated THG‐sensitive vesicle Tv (THG)
• Lipolysis L (R2850, THG, 2PF)
• Mammary duct D (2PF, 3PF, THG, R2850, R3050)
• CH aromatic stretching vibration (R3050)

Tv

25 μm

Molecular profiling for mammary tumor development (week 1)

Molecular profiles
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2PF
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Molecular profiling for mammary tumor development (week 3)
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Multiphoton biomarkers
• Tumor cell T (2PF, 3PF, THG, R2850, R3050)
• Locally reduced collagen (SHG, THG)
• Tumor‐associated THG‐sensitive vesicle Tv (THG)
• CH aromatic vibration (R3050)
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Multiphoton biomarkers
• FAD‐fluorescent cell Ce (2PF)
• NAD(P)H‐fluorescent cell Ce (3PF)
• Tumor‐associated THG‐sensitive vesicle Tv (THG)
• Angiogenesis‐associated 3PF‐sensitive vesicle 3v (3PF)
• Angiogenesis an (3PF, 2PF, SHG, THG, R2850, R3050)
• CH aromatic stretching vibration (R3050)

H&E histology
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Molecular profiling for mammary tumor development (week 6)

Molecular profiles
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Multiphoton features
• FAD‐fluorescent cell Ce (2PF)
• OH stretching vibration (3200‐3400 cm‐1)
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Molecular profiling for normal mammary tissue (week 6)

Molecular profiles



2PF SHG 3PF

0

400

800

0

50

100

0

100

200

0

80

160

0

400

800

0

50

100

THG

SHG

R3050

2PF

3PF

R2850

2700 2800 2900 3000 3100 3200
40

60

80

100

120

140

160

180
 1
 2
 3

in
te

n
si

ty
 (

a
.u

.)

wavenumber (cm-1)

2

3

1 4

6

5

0

400

800

0

50

100

0

100

200

0

80

160

0

400

800

0

50

100

THG

SHG

R3050

2PF

3PF

R2850

2700 2800 2900 3000 3100 3200

0

50

100

150

200  4
 5
 6

in
te

n
si

ty
 (

a
.u

.)

wavenumber (cm-1)

x1/4

THG

R3050 SHG R2850 3PF THG 
2PF

R2850 R3050

Co
N

3v

Lr

V
E

V

Ca

CaTv

Multiphoton biomarkers
• Elastin organization E (2PF)
• Angiogenesis (3PF, 2PF, SHG, THG, R2850, R3050)
• Locally dense collagen (SHG, THG)
• Locally reduced collagen (SHG, THG)
• Tumor‐associated THG‐sensitive vesicle Tv (THG)
• Angiogenesis‐associated 3PF‐sensitive vesicle 3v (3PF)
• Blood vessel V and capillary Ca (2PF, 3PF, SHG)
• CH aromatic stretching vibration (R3050)

H&E histology

25 μm

Opto-histology

Molecular profiling for mammary tumor development (week 7)

Molecular profiles
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Multiphoton biomarkers
• FAD‐fluorescent cell Ce Ne (2PF)
• NAD(P)H‐fluorescent cell Ne (2PF)
• Locally reduced collagen (SHG, THG)
• Tumor‐associated THG‐sensitive vesicle Tv (THG)
• OH stretching vibration (R3200‐3400)

H&E histology
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Molecular profiling for mammary tumor development (week 9)

Molecular profiles
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Conclusions

o Broadband coherent fiber light source

o Optimal pulse shaping

o Label‐free multi‐modal multiphoton 
imaging and molecular profiling

o Multiphoton cancer biomarkers

o Optical label‐free molecular imaging for 
cancer diagnosis and profiling the tumor 
microenvironment

o Label‐free in situ molecular histopathology 
and surgical guidance

Tu* and Liu* el al. Label‐free multiphoton molecular imaging of microvesicles with 
programmable supercontinuum‐enhanced contrast. Submitted 2015

Liu et al. Label‐free molecular profiling for identification of biomarkers in mammary 
tumor development using multimodal multiphoton imaging. Submitted 2015 

Future Directions

o Fast‐scanning, image in vivo dynamics

o Developing mathematical formulism to 
quantify inter‐related multimodal changes

o Isolate and characterize microvesicles

o Identify other recurring biomarkers

o Correlate pre‐clinical with clinical findings

o Engineer portable system

o Intraoperative imaging during breast 
cancer surgery

o Investigate pharmacological interventions
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