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DESCRIPTION 

APPARATUS AND METHODS FOR OPTICAL COHERENCE TOMOGRAPHY AND 

TWO-PHOTON LUMINESCENCE IMAGING 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority to U.S. Provisional Patent Application Serial No.  

5 61/785,030, filed March 14, 2013, the contents of which are incorporated by reference herein.  

BACKGROUND INFORMATION 

Atherosclerosis and plaque rupture leading to myocardial infarction remain the 

leading cause of death worldwide [1]. Inflammation and underlying cellular and molecular 

mechanisms [2-4] contribute to atherogenesis from initiation through progression, plaque 

10 rupture and ultimately, thrombosis. The vulnerable plaque, recently defined by Virmani [5] 

as "thin-cap fibroatheroma", results from inflammation and is characterized as having a thin 

fibrous cap typically less than 65 pm thick, increased infiltration of macrophages with 

decreased smooth muscle cells, and an increased lipid core size compared to stable plaques 

[6-8].  

15 Several cellular and molecular events that lead to rupture of thin-cap fibroatheromas 

are now understood and being utilized to develop novel imaging approaches. Accumulations 

of macrophages in thin-cap fibroatheromas over-express matrix metalloproteinases (MMPs) 

[9-12] which are believed to contribute to vulnerability of thin-cap fibroatheromas and 

increased thrombogenicity [13-15]. Macrophages are an important early cellular marker that 

20 indicates the risk of plaque rupture in the coronary, cerebral, and peripheral circulations.  

Since plaque vulnerability is related to cellular composition as well as anatomical structure, 

developing a diagnostic method that can simultaneously reveal both composition and 

structure is desirable to identify vulnerable plaques and would allow in vivo monitoring of 

macrophage density in longitudinal studies in response to cardiovascular interventions.  

25 Intravascular OCT (IVOCT) is a recently developed catheter-based method for high

resolution intravascular imaging. Of the cardiovascular imaging modalities, IVOCT is the 

only approach that provides sufficient spatial resolution to image thin-cap fibroatheromas.  

However, risk of plaque rupture cannot be easily assessed by only IVOCT images.  

Two-photon luminescence (TPL) microscopy uses nonlinear optical properties of tissue and 
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has been utilized to image plaque components such as endothelial cells, smooth muscle cells 

[16], elastin fibers [17,18], oxidized LDL [19] and lipid droplets [20] based on their 

endogenous autofluorescence. More recently, it has been reported that macrophages loaded 

with nanoparticles can be detected by TPL microscopy [21,22]. Fiber-based OCT [23,24] and 

5 TPL microscopy [25-28] has been reported respectively using photonic crystal fibers to 

transmit broadband light for achieving higher spatial resolution or to transmit ultrashort 

pulses for system size minimization. However, a combined fiber-based OCT-TPL system has 

not been previously realized.  

SUMMARY 

10 Exemplary embodiments of the present disclosure include a combined catheter-based 

optical coherence tomography - two-photon luminescence (OCT-TPL) imaging system to 

detect, and further characterize the distribution of cellular components (e.g., macrophage, 

collagen/elastin fiber, lipid droplet) in thin-cap fibroatheromas with high spatial resolution in 

vivo. Components of the catheter-based OCT-TPL system can include light sources for OCT 

15 (e.g., 1310 nm) and TPL (e.g., 800 nm), detectors for OCT (e.g., balanced detectors) and TPL 

(e.g., photon multiplier tubes), the transmission-grating compressor compensating the group 

delay dispersion of TPL excitation pulses, the fiber (e.g., photonic crystal fiber) delivering 

light from both OCT and TPL light sources and transmitting TPL emission signals, and the 

imaging catheter. Embodiments of the present disclosure describe methods and apparatus 

20 for imaging and related diagnostic and therapeutic catheter-based modalities that require the 

simultaneous delivery of short pulsed laser light and broadband OCT light.  

Certain embodiments include an apparatus comprising: an optical coherence 

tomography light source configured to emit a first wavelength; a splitter configured to direct 

the first wavelength emitted from the coherence tomography light source to a reference path 

25 and to a sample path; a short-pulsed light source configured to emit a second wavelength; a 

first dichroic element; and a second dichroic element. In particular embodiments, the optical 

coherence tomography light source may be configured as a swept source optical coherence 

tomography light source. In certain embodiments, the optical coherence tomography light 

source may be configured as a broadband optical coherence tomography light source. In 

30 some embodiments, the short-pulsed light source may be a short-pulsed laser having a pulse 

energy between 10pJ - 1mJ and a pulse duration between 5fs - 100ps. In specific 

embodiments, the sample path may be directed through a photonic crystal fiber. Certain 
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embodiments may include a balanced detector, and in particular embodiments , the balanced 

detector may be configured to minimize a non-interfering OCT component.  

Particular embodiments may include a photon counting detector, and in certain 

embodiments, the photon counting detector may be a photomultiplier tube. In specific 

5 embodiments, the photon counting detector may be an avalanche photo diode. In some 

embodiments, the photon counting detector may be configured to detect two-photon 

luminescence. In certain embodiments, the second dichroic element may be configured to 

direct two photon luminescence toward a photon counting detector. In particular 

embodiments the first dichroic element may be configured to direct the first and second 

10 wavelengths to the sample path. In certain embodiments , the sample path may be directed to 

a sample site that comprises nanoparticles.  

Particular embodiments may further comprise a visual display configured to display 

an image of the sample site. In certain embodiments, the visual display may be configured to 

enhance a portion of the display of the sample site based on the distance between the 

15 apparatus and the sample site. In some embodiments, the visual display may be configured to 

increase the brightness of a location of the sample site where a detected value exceeds a 

normalized value. In specific embodiments, the nanoparticles may be configured as 

nanorods. In certain embodiments, the nanorods comprise gold and have a surface plasmon 

resonance of approximately 756 nm. Particular embodiments may further comprise a 

20 dispersion compensating element, and in some embodiments, the dispersion compensating 

element is configured to compensate dispersion differences between the reference path and 

the sample path. In certain embodiments, the dispersion compensating element is configured 

to pre-compensate two-photon luminescence excitation light.  

Particular embodiments may also include a method of imaging a sample site, where 

25 the method comprises: emitting a first wavelength from an optical coherence tomography 

light source toward a sample site; emitting a second wavelength from a short-pulsed light 

source toward the sample site; detecting an optical coherence tomography signal from the 

sample site, wherein the optical coherence tomography signal is generated from the first 

wavelength; and detecting a two-photon luminescence emission signal from the sample site, 

30 wherein the two-photon luminescence emission signal is induced by the second wavelength.  

In certain embodiments, the short-pulsed light source may be a short-pulsed laser having a 

pulse energy between 10pJ - 1mJ and a pulse duration between 5fs - 100ps.  
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In some embodiments, the optical coherence tomography signal and the two-photon 

luminescence signal may be detected from a plurality sample sites. In particular 

embodiments, the sample comprises a tissue, and in specific embodiments, the tissue may be 

epithelial tissue or arterial tissue. In certain embodiments, the arterial tissue may be located 

5 in a coronary artery. In specific embodiments, the tissue may be a vascular luminal surface.  

In particular embodiments, the tissue may be oral mucosa. In some embodiments, the optical 

coherence tomography signal may be used to generate an optical coherence tomography 

tomogram. In particular embodiments, the two-photon luminescence signal may be co

registered with an optical coherence tomography tomogram. Certain embodiments may 

10 further comprise displaying two-dimensional two-photon luminescence data on a three

dimensional optical coherence tomography tomogram. In some embodiments, a first 

processing element may use the optical coherence tomography signal and construct an optical 

coherence tomography tomogram.  

In some embodiments, the first processing element may be a central processing unit or 

15 a graphics processing unit. In particular embodiments, a second processing element renders 

for viewing a co-registered two-photon luminescence image on an optical coherence 

tomography tomogram. In certain embodiments, the sample site may comprise a 

nanoparticle. In particular embodiments, the two-photon luminescence signal may be emitted 

from the nanoparticle. In specific embodiments, the two-photon luminescence emission 

20 signal may be emitted from tissue of the sample site.  

Certain embodiments include a method for displaying imaging data, where the 

method comprises: obtaining optical coherence tomography data with an imaging system; 

obtaining two-photon luminescence data from a plurality of luminescing particles with the 

imaging system; and simultaneously displaying the optical coherence tomography data and 

25 the two-photon luminescence data in a combined image. In some embodiments, the 

luminescing particle may be a nanoparticle. In particular embodiments, the imaging system 

may be a catheter-based imaging system.  

In certain embodiments, the optical coherence tomography data may comprise radial 

and azimuthal dimensional data, and the two-photon luminescence data may comprise an 

30 azimuthal signal. Particular embodiments may further comprise adding a radial dimension to 

the two-photon luminescence data. In certain embodiments, adding the radial dimension to 

the two-photon luminescence data may comprise using a radial probability distribution 
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function that is normalized by the two-photon luminescence azimuthal signal. In specific 

embodiments, the radial probability distribution function may be determined using: optical 

properties of the imaging system; the distance between the catheter-based imaging system 

and a lumenal wall into which the catheter-based imaging system is inserted; and the optical 

5 properties of tissue of the lumenal wall.  

In particular embodiments, the radial probability distribution function may be 

determined using assuming a uniform distribution of nanoparticles. Certain embodiments 

may further comprise generating three-dimensional images based on data obtained from the 

catheter-based imaging system as the catheter-based imaging system is moved axially along a 

10 lumen.  

In the following, the term "coupled" is defined as connected, although not necessarily 

directly, and not necessarily mechanically.  

The use of the word "a" or "an" when used in conjunction with the term "comprising" 

in the claims and/or the specification may mean "one," but it is also consistent with the 

15 meaning of "one or more" or "at least one." The term "about" means, in general, the stated 

value plus or minus 5%. The use of the term "or" in the claims is used to mean "and/or" 

unless explicitly indicated to refer to alternatives only or the alternative are mutually 

exclusive, although the disclosure supports a definition that refers to only alternatives and 

"and/or." 

20 The terms "comprise" (and any form of comprise, such as "comprises" and 

"comprising"), "have" (and any form of have, such as "has" and "having"), "include" (and 

any form of include, such as "includes" and "including") and "contain" (and any form of 

contain, such as "contains" and "containing") are open-ended linking verbs. As a result, a 

method or device that "comprises," "has," "includes" or "contains" one or more steps or 

25 elements, possesses those one or more steps or elements, but is not limited to possessing only 

those one or more elements. Likewise, a step of a method or an element of a device that 

"comprises," "has," "includes" or "contains" one or more features, possesses those one or 

more features, but is not limited to possessing only those one or more features. Furthermore, 

a device or structure that is configured in a certain way is configured in at least that way, but 

30 may also be configured in ways that are not listed.  
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Other objects, features and advantages of the present invention will become apparent 

from the following detailed description. It should be understood, however, that the detailed 

description and the specific examples, while indicating specific embodiments of the 

invention, are given by way of illustration only, since various changes and modifications 

5 within the spirit and scope of the invention will be apparent to those skilled in the art from 

this detailed description.  

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing executed in color. Copies 

of this patent or patent application publication with color drawing(s) will be provided by the 

10 Office upon request and payment of the necessary fee.  

The following drawings form part of the present specification and are included to 

further demonstrate certain aspects of the present disclosure. The invention may be better 

understood by reference to one of these drawings in combination with the detailed description 

of specific embodiments presented herein.  

15 FIG. 1 shows a schematic of an apparatus according to an exemplary embodiment.  

FIG. 2 shows an image obtained from an IV-OCT system.  

FIG. 3 shows an image obtained from an IV-OCT system.  

FIG. 4 shows an image obtained from an apparatus according to an exemplary 

embodiment.  

20 FIG. 5A and 5B shows a schematic of an apparatus according to an exemplary 

embodiment.  

FIG. 6 shows a schematic of an apparatus according to an exemplary embodiment.  

FIG. 7 shows a schematic of an apparatus according to an exemplary embodiment.  

FIG. 8 shows a schematic of an apparatus according to an exemplary embodiment.  

25 FIG. 9 shows an image obtained from an apparatus according to an exemplary 

embodiment.  

FIG. 10 shows a schematic of an apparatus according to an exemplary embodiment.  

FIG. 11 shows data obtained from an apparatus according to an exemplary 

embodiment.  

30 FIG. 12 shows data obtained from an apparatus according to an exemplary 

embodiment.  
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FIG. 13 shows data obtained from an apparatus according to an exemplary 

embodiment.  

FIG. 14 shows data obtained from an apparatus according to an exemplary 

embodiment.  

5 FIG. 15 shows a flowchart of steps performed by a computer readable medium to 

modify the display of data results according to an exemplary embodiment.  

FIG. 16 shows an image and data obtained from an apparatus according to an 

exemplary embodiment.  

FIG.S 17-20 images obtained from an apparatus according to an exemplary 

10 embodiment.  

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Referring now to FIG. 1, one exemplary embodiment of an apparatus 50 comprises an 

optical coherence tomography light source 100, a splitter 200, a two-photon luminescence 

excitation light source 300, a first dichroic element 400 and a second dichroic element 450.  

15 In this embodiment, optical coherence tomography light source 100 is configured to emit a 

first wavelength 110 and splitter 200 is configured to direct first wavelength 110 to a 

reference path 210 and a sample path 220. In certain embodiments, optical coherence 

tomography light source 100 can be configured as a swept source optical coherence 

tomography light source or a broadband optical coherence tomography light source. In 

20 particular embodiments, sample path 220 can be directed through a photonic crystal fiber. In 

the embodiment shown, two-photon luminescence excitation light source 300 is configured to 

emit a second wavelength 320.  

During operation, apparatus 50 can be positioned such that sample path 220 and 

second wavelength 320 are directed to a sample site 280 (e.g. via first dichroic element 400 

25 as well as other components in FIG. 1).  

In certain exemplary embodiments, sample site 280 may comprise nanoparticles 260 

and in specific embodiments, nanoparticles 260 may be configured as nanorods. In particular 

embodiments, nanoparticles 260 may be configured as nanorods comprising gold with a 

surface plasmon resonance of approximately 756 nm. In certain embodiments, the 

30 configuration of the nanorods can be selected according to the procedures established in the 

Example Section 4 provided below.  
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Apparatus 50 further comprises a photon counting detector 350 configured to detect 

two-photon luminescence (TPL) and a balanced detector 250 configured to minimize a non

interfering OCT component. In specific embodiments, photon counting detector 350 can be 

configured as one or more photomultiplier tubes (PMTs). In other embodiments, photon 

5 counting detector 350 can be configured as an avalanche photo diode.  

In a particular embodiments, components of the system illustrated in FIG. 1 can be 

incorporated into a catheter-based system that utilizes a photonic crystal fiber (PCF) to enable 

the propagation of light in sample path 220 and second wavelength 320 from TPL excitation 

light source 300 to sample site 280. The PCF allows single-mode transmission of both OCT 

10 and TPL excitation light. Single-mode transmission is required in OCT imaging to insure the 

modal interference does not occur. Single mode transmission is required for TPL imaging to 

insure the pulse duration of TPL excitation light is not broadened due to modal dispersion. In 

specific embodiments the catheter can be inserted into a blood vessel to obtain intravascular 

images utilizing system 50.  

15 During operation, system 50 provides the benefits of both OCT and TPL imaging 

technologies in a single system. In exemplary embodiments, the components of system 50 

function according to established principles in OCT and TPL fields. Accordingly, while an 

overview of the individual OCT and TPL will be provided, it is understood that exemplary 

embodiments may utilize various combinations of parameters according to environmental 

20 conditions or other factors. For example, OCT light source 100 can produce near-infrared 

light, and the use of relatively long wavelength light allows deeper penetration into the 

scattering medium such as an arterial wall. In a particular embodiment OCT light source 100 

can be configured to provide light at a wavelength of approximately 1310 nm.  

As light in sample path 220 is directed at sample site 280, a small portion of this light 

25 that reflects from sub-surface features of sample site 280 is collected. During operation, a 

significant portion of light in sample path 220 is not reflected but, rather, backscatters from 

the sample. Although backscattered light contributes background that obscures an image in 

conventional imaging, this light can be used beneficially in OCT systems via interferometry.  

For example, balanced detector 250 can be used to record the optical path length of received 

30 photons, allowing rejection of most photons that multiply scatter in the tissue before 

detection. This can allow recording three-dimensional images of thick samples to be 

constructed by rejecting background signal while collecting light directly reflected from 
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regions of interest in sample site 280. In exemplary embodiments, OCT imaging is generally 

limited to one to two millimeters below the surface in biological tissue in sample site 280. At 

greater depths, the proportion of light that escapes without scattering is typically too small for 

detection.  

5 During operation of system 50, TPL light source 300 and photon counting detector 

350 are also utilized consistent with established principles in two-photon luminescence 

microscopy. In certain embodiments, TPL light source 300 can be configured as a tunable 

femtosecond laser producing excitation energy of second wavelength 320 at 760-1040 nm 

with a maximum pulse energy of 6 nJ-5 pJ, a pulse width of 100 fs-1 ps, and a repetition rate 

10 of 500 kHz-80 MHz. In particular embodiments, TPL light source 300 may also be 

configured to produce a spot size of 10-30 pm with a spot area of approximately 78-706.8 
2 

Pim and a pixel dwell time of 20 ps. In addition, TPL light source 300 may also be 

configured to produce 10-1600 pulses per pixel, with an average power on sample of 500

2500 mW, an instantaneous power of 0.0625-5 MW and an instantaneous power density of 

15 2E-4-16E-3 MW/pm 2.  

In the embodiment shown in FIG. 1, first dichroic element 400 can be positioned to 

direct second wavelength 320 to sample site 280 via a photonic crystal fiber (PCF). In 

particular embodiments, the PCF can have a large sized mode field diameter (20 Pm) (LMA

20) available from NKT Photonics. In certain embodiments, the PCF may be configured as a 

20 double-clad fiber, and in specific embodiments, may be a double-clad high NA fiber such as 

a model number DC-165-16-Passive Fiber available from Crystal Fibre. Exemplary 

double-clad photonic crystal fibers may comprise a large-mode area, single-mode core 

embedded in a high-NA multimode fiber structure. Such fibers can allow a single-mode 

beam to be propagated forward in the fiber and at the same time scattered light or two-photon 

25 luminescence may be collected and propagated backwards for detection. The use of a double

clad fiber instead of a single-clad photonic crystal fiber can increase the two-photon 

luminescence detection efficiency with a high-NA inner cladding (compared to the low-NA 

core). It is understood that the particular specifications of components are presented for 

purposes of example only, and that other embodiments may comprise components with 

30 different specifications than those described herein.  

During operation of system 50, second wavelength 320 can provide excitation energy 

to nanoparticles 260, which can emit luminescence 270 that is directed to photon counting 
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detector 350 via second dichroic element 450. In exemplary embodiments, the outputs from 

the photon counting detector 350 and balanced detector 250 can be configured to be 

combined in a single display that allows a user to visualize the results of both OCT and TPL 

imaging overlayed.  

5 The display of the intravascular OCT and TPL images presents certain challenges to 

presenting the information to a user in a manner that can be quickly interpreted in a way that 

provides useful data. For example, intravascular OCT is two-dimensional (radial and 

azimuthal) while the TPL information in some embodiments is one-dimensional (azimuthal).  

A one-dimensional display of the TPL azimuthal information as a ring or band either inside 

10 or outside of the two-dimensional IV-OCT image was also evaluated as a way to present the 

combined IV-OCT and TPL image information.  

Exemplary embodiments for displaying the combined IV-OCT and TPL comprise 

incorporating a radial dimension to the TPL data that uses a radial probability distribution 

function [p(r)] that will be normalized by the TPL azimuthal signal at that position. The 

15 radial probability distribution function [p(r)] can be determined from (in part): (1) the optics 

of the catheter; (2) distance between the catheter and lumenal wall; (3) tissue optical 

properties. This information can be combined to predict the radial dependence [p(r)] of the 

TPL signal that assumes a uniform distribution of nanoparticles 260.  

With TPL information that includes both azimuthal and radial dependencies, the TPL 

20 and IV-OCT images can be fused to show both sets of information in one image data set. In 

addition, the same procedure can be followed for the entire pullback so that the three

dimensional IV-OCT and TPL datasets can be fused into a single image dataset.  

Referring now to FIG. 2, an IV-OCT image 500 is produced using a catheter 510 

configured to produce a typical IV-OCT image without combined TPL data. As shown in 

25 FIG. 2, image 500 shows a healthy coronary artery 520 with a substantially uniform wall. A 

side section view 530 of artery 520 is shown in the lower portion of FIG. 2. Side section 

view 530 is a reconstructed view of artery 520 taken along line 560 during pullback of 

catheter 510.  

Referring now to FIG. 3, an IV-OCT image 600 is produced using a catheter 610 

30 configured to produce a typical IV-OCT image, also without combined TPL data. As shown 

in FIG. 3, image 600 shows a coronary artery 620 with a thin-cap fibroatheroma 640 
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overlying a large lipid core at approximately the 1:00 - 3:00 position. A side section view 

630 of artery 620 is shown in the lower portion of FIG. 3. Side section view 630 is a 

reconstructed view of artery 620 taken along line 660 during pullback of catheter 610.  

While image 600 shows thin-cap fibroatheroma 640, the risk of plaque rupture cannot 

5 be easily assessed from the image provided. Image 600 provides a view of the anatomical 

structure, but does not allow a user to evaluate the cellular composition. For example, image 

600 does not directly provide an indication of the presence of macrophages, lipid deposits 

and collagen/elastin fibers, early cellular markers that can indicate the risk of plaque rupture.  

Embodiments of the present invention (including, for example, system 50 shown in 

10 FIG. 1 or the specific example systems shown in FIGS. 5A, 5B, 6 or 7) are configured to 

provide a combined OCT-TPL image, similar to that of image 700 as illustrated in FIG. 4.  

Image 700 can be produced by a combined OCT-TPL system examining a section of 

coronary artery. For example, coronary artery 720 comprises a thin-cap fibroatheroma 640 

overlying a large lipid core at approximately the 1:00 - 3:00 o'clock position.  

15 Unlike the image in FIG. 3, the image shown in FIG. 4 (an enhanced OCT-TPL 

image) does provide a user both a view of the anatomical structure and the ability to analyze 

the cellular composition of the structure. For example, a photon counting detector in 

exemplary OCT-TPL systems can detect two-photon luminescence (TPL) 750 from 

nanoparticles that may be concentrated in the thin-cap fibroatheroma 740 cellular 

20 components, including for example, macrophages, elastin fibers, and/or lipid droplets. The 

combined image of the anatomical structure, as well as indication of the cellular composition 

of the structure, can allow a user to perform a more thorough analysis of the plaque rupture 

risks associated with specific structures.  

Exemplary embodiments of the present disclosure may also comprise computer 

25 readable media (e.g. Software) to quantitatively analyze images obtained by the apparatus 

and enhance the visual display of certain aspects. For example, if a catheter is not centered 

within a vascular lumen, light that is emitted from a site of interest that is farther away from 

the catheter may not appear as bright to the naked eye (as compared to light emitted from a 

site that is closer to the catheter).  

30 Referring now to FIGS. 15-16, in one embodiment a computer readable medium can 

be configured to perform the following steps of a process 800. : (1) identify the catheter in 
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step 810; (2) identify the lumen (e.g. the vascular wall of the tissue being analyzed) in step 

820; (3) calculate distances between the catheter and the lumen for each A-scan and the 

overall mean distance to the catheter (Meanoverall) in step 830; (4) calculate the average of 

A-scans closer to the catheter than Meanoverall (Acloser) and the average of A-scans further 

5 to the catheter than Meanoverall (Afurther) in step 840; (5) normalize Acloser and Afurther 

by the range of values in the B-scan (maximum value - minimum value), AcloserN and 

AfurtherN, respectively in step 850; and (6) identify bright spots as those pixels in each A

scan that are greater than the corresponding pixels in AcloserN or AfurtherN, depending on 

whether the A-scan lumen is closer or further to the catheter compared to Meanoverall in step 

10 860. Additionally, performing the averaging of A-scans to identify bright spots can be 

replaced by scaling each A-scan by the Gaussian shape of the catheter beam to correct for 

intensity vs. depth.  

Referring specifically now to FIG. 16A, an unprocessed image is shown in 

comparison to a processed image in FIG. 16B. In FIG. 16C, a B-scan image is shown in 

15 rectangular form. It can be noted that the portion of the B-scan highlighted with a blue 

indication line are taken from locations with a distance between the catheter and lumen wall 

that is less than the mean distance. Likewise, the portion of the B-scan highlighted with a 

green indication line is taken from locations with a distance between the catheter and lumen 

wall that is less greater than the mean distance. FIG. 16D shows the A-scans aligned at the 

20 lumen. FIG. 16F shows an example A-scan (in magenta) as well as normalized reference 

values for those locations where the distance between the catheter and lumen wall that is less 

than the mean distance (in blue) and greater than the mean distance (in green).  

The locations where the example scan in FIG. 16F exceed the normalized values can 

be identified as "bright spots" and the image enhanced as shown in FIG. 16B. This can allow 

25 a user to more objectively identify sites of interest that can be further investigated.  

Exemplary embodiments are also capable of performing texture analysis by 

overlaying the OCT information with the TPL data. The dataset can be analyzed during 

three-dimensional rendering or processing to provide additional information to the doctor 

such as plaque locations, tissue type, and other physiological information. This information 

30 may be computed from the three-dimensional dataset using texture analysis, ray tracing, or 

other advanced processing techniques.  
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Exemplary embodiments of angle-resolved OCT systems may produce multiple three

dimensional datasets, in which case analysis would be done on all datasets and may or may 

not be combined to provide additional information to the doctor.  

In summary, the combined OCT-TPL imaging system described herein can provide 

5 two optical contrast mechanisms: backscattering strength and two-photon luminescence.  

Embodiments of the catheter-based apparatus described herein may be utilized for light-based 

modalities that require the simultaneous single-mode delivery of both high peak power short

pulsed laser light and broadband light such as that utilized for OCT. Exemplary 

embodiments of the present disclosure combine IVOCT with TPL imaging in a catheter

10 based OCT-TPL imaging system to simultaneously image thin-cap fibroatheromas and its 

cellular components (e.g., macrophage, collagen/elastin fiber, lipid droplet) in vivo, which 

will have decided advantages over IVOCT alone and will provide cardiologists important 

information about the vulnerability of thin-cap fibroatheromas overtime during 

cardiovascular interventions. Specific configurations, features and methods of particular 

15 embodiments are set forth in the examples provided below.  
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Example 1- Catheter-based Intensity OCT - TPL System 

Examples of the catheter-based intensity OCT-TPL system (shown in FIGS. 5A and 

5B) can incorporate a spectral-domain OCT system operating at 1310 nm combined with 

TPL using a tunable femtosecond laser excitation (e.g., 760-1040 nm, 6 nJ-5 pJ, 100 fs-1 ps, 

5 500 kHz-80 MHz). A pulse compressor can be utilized to pre-compensate the group 

dispersion delay of femtosecond laser light to provide transform-limited pulses on the luminal 

surface. The imaging catheter is connected to a photonic crystal fiber (PCF) (e.g., LMA-20, 

NKT Photonics) of the OCT-TPL imaging system, which can enable single-mode 

propagation of both OCT light and TPL excitation light and transmission of TPL emission 

10 light (e.g. the OCT light and TPL excitation light are transmitted simultaneously). In certain 

embodiments, the PCF may comprise a 15 pm core (e.g., LMA-15).  

FIG. 5A depicts a catheter-based intensity OCT-TPL imaging system comprising a 

beam splitter (BS); band-pass filter (BP); short-pass filter (SP); photon multiplier tube 

(PMT); and a photonic crystal fiber (PCF). FIG. 5A illustrates an example in which the TPL 

15 excitation light is not transmitted through the dichroic mirrors to the PCF fiber.  

FIG. 5B also depicts a catheter-based intensity OCT-TPL imaging system comprising 

a beam splitter (BS); band-pass filter (BP); short-pass filter (SP); photon multiplier tube 

(PMT); and a photonic crystal fiber (PCF). In contrast, however, FIG. 5B illustrates an 

example in which a portion of the TPL excitation light is transmitted through the dichroic 

20 mirrors to the PCF fiber (and subsequently to a scanning optics module and the sample). As 

a result, the arrangement of the TPL and OCT light sources, as well as the associated 

instrumentation, is also different as shown in FIGS. 5A and 5B. In either configuration, a 

dispersion compensator could also be placed in OCT reference arm branch as known in the 

art.  

25 In certain embodiments, the systems shown in FIGS. 5A and 5B can be used to 

produce a merged image of TPL and OCT images. Examples of TPL, OCT and merged 

tissue images of a human coronary artery are shown in FIGS. 17 and 18. As shown in the 

figures, the merged image may use different colors to indicate the portion of the image 

obtained with OCT (in this example, green) and TPL (in this example, red).  
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During operation of the system used to produce the images in FIGS. 17 and 18, the 

OCT parameters were as follows - swept laser: 1310 nm / 110 nm; beam size: 20 Pm; laser 

power: 1.2 mW; field of view: 2 mm x 2 mm; and A-scan rate: 20 kHz. In addition, the TPL 

parameters of the system used to produce the images of FIGS. 17 and 18 are as follows - 2-P 

5 excitation laser: 760-1040 nm, 120 fs, 80 MHz; pixel dwell time: 4 Ps; laser power: 500 mW; 

beam size: 20 pm; emission filter: < 700 nm; field of view: 2 mm x 2mm.  

Referring now to FIG. 19, images are displayed that were obtained with TPL imaging 

techniques according to exemplary embodiments. The images display rabbit aorta tissue 

slices with atherosclerotic plaques. The bright TPL signals are native auto-fluorescence from 

10 lipid droplets, collagen and elastin fibers.  

FIG. 20 displays TPL, OCT and merged TCL-OCT images of human coronary artery 

tissue obtained with a fiber-based system according to exemplary embodiments. In addition, 

the lower right portion of FIG. 20 comprises a stained tissue slice that indicates the 

distribution of lipids.  

15 Example 2 -Catheter-Based Polarization-Sensitive OCT - TPL System 

One example of the catheter-based polarization-sensitive OCT-TPL system (shown in 

FIG. 6) can incorporate a spectral-domain polarization-sensitive OCT (PSOCT) system 

operating at 1310 nm combined with TPL using a tunable femtosecond laser excitation (e.g., 

760-1040 nm, 6 nJ-5 pJ, 100 fs-1 ps, 500 kHz-80 MHz). The system in FIG. 6 comprises 

20 polarization maintaining fiber segments (PM1 and PM2) that act as an in-line fiber 

polarimeter; a polarization beam splitter (PBS); a band-pass filter (BP); a short-pass filter 

(SP); a photon multiplier tube (PMT); and a photonic crystal fiber (PCF).  

The PSOCT system utilizes balanced detection and an in-line fiber polarimeter [29] to 

25 measure the polarization state of both reference light and interference fringes. An open 

optical switch in the sample path of the interferometer allows measurement of a signal 

containing only the polarization state of reference light (without interference fringes between 

reference and sample light). A pulse compressor can be utilized to pre-compensate the group 

delay dispersion of femtosecond laser light to provide transform-limited pulses on the luminal 

30 surface. The imaging catheter can be connected to a photonic crystal fiber (PCF) (e.g., LMA

{oo1 -15 -



WO 2014/152961 PCT/US2014/028403 

20, NKT Photonics) of the OCT-TPL imaging system, which can enable propagation of both 

OCT light and TPL excitation/emission light.  

Example 3- Catheter-Based Spectral Domain Phase-Sensitive OCT - TPL System 

One example of a catheter-based phase-sensitive OCT-TPL system (shown in FIG. 7) 

5 can incorporate a spectral-domain phase-sensitive OCT (PhSOCT) system operating at 1310 

nm combined with TPL using a tunable femtosecond laser excitation (e.g., 760-1040 nm, 6 

nJ-5 pJ, 100 fs-1 ps, 500 kHz-80 MHz). The system of FIG. 7 comprises a polarization beam 

splitter (BS); a band-pass filter (BP); a short-pass filter (SP); a photon multiplier tube (PMT); 

and a photonic crystal fiber (PCF).  

10 A pulse compressor can be utilized to pre-compensate the group delay dispersion of 

femtosecond laser light to provide transform-limited pulses incident on the luminal surface of 

the vessel being imaged. The imaging catheter can be connected to a photonic crystal fiber 

(PCF) (e.g., LMA-20, NKT Photonics) of the OCT-TPL imaging system, which can enable 

single-mode propagation of both OCT light and TPL excitation light and transmission of TPL 

15 emission light.  

Example 4 - OCT-TPL Catheter Design and Optical Simulation Usinig ZEMAX 

In this example, the OCT-TPL catheter will modify the current OCT catheter to 

incorporate the TPL excitation and emission. Previously, detection of macrophages loaded 

with nanoparticles was performed using a custom-built multiphoton microscope [30].  

20 Therefore, it is desirable to compare the TPL excitation efficacy of the proposed catheter

based OCT-TPL imaging system with the multiphoton microscope. Table 1 shows the 

characterization of laser excitation from both imaging systems.  

Laser Parameter Multiphoton Catheter-based 
Lasr PramterMicroscope OICT-TPL System 

Repetition Rate (MHz) 760.5-80 

Pulse Width (fs) 15t04 000 

Spot Size (pm)0.9 10-30 

Spot A rea (pmi 0.27&5~-706.9 
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Pixel Dwell Time (ps) 2.5 4-20 

Number ofIPuls 
per Phixe 

Average Power on Sample (mW 0500-2500 

Pulse Energy (nJ) 0.66-5000 

Instantaneous Power (MW) 17E30.0625-5 

Instantaineous Power Dest (M / %1E34bae onEa 2 

Table 1. Comparison of the TPL excitation efficacy of a multiphoton microscope with the proposed catheter
based OCT-TPL system.  

As a PCF will be used to deliver TPL excitation light, the instantaneous power that 

5 can be delivered is limited by onset of non-linear effects in the PCF, which can be described 

using the Nonlinear Schr~dinger equation: 

OA ipI2 02A 

Where |A 2 , #i2, y, z and t are, respectively, pulse instantaneous power [W], group velocity 

dispersion parameter [fs2cm-'], nonlinear parameter [W-ikm-'], position [cm] and time [s].  

10 For the PCF used in this example, given that y = 21 W-ikm-1 [17], #i2 = -172 fs2 cm-1, )b = 800 

nm, c = 3 x108 m/s, the maximum instantaneous power below the threshold of nonlinear 

effects in the PCF is solved from the Nonlinear Schr~dinger equation: |Al 2 = -23t2c2f 2/( )by) = 

4.49 MW. Although the femtosecond laser in OCT-TPL system can provide an instantaneous 

power of 5 MW (see Table 1), the actual instantaneous power that propagates in the PCF can 

15 be limited to approximately 4.49 MW to be less than the threshold of nonlinear effect.  

Allowance of some non-linearity in the PCF may provide for spectral broadening and 

additional pulse compression.  

ZEMAX is a software program which can model, analyze, and assist in the design of 

optical systems. Exemplary embodiments of OCT-TPL catheters can be simulated and 

20 validated using ZEMAX. A ZEMAX model of the OCT-TPL catheter has been built to 

simulate OCT and TPL light interaction with arterial tissue containing gold nanoparticles (see 

e.g. FIG. 8, which provides: (a) a 2-D side-view of OCT-TPL catheter; and (b) 3-D front

view of OCT-TPL catheter).  
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The catheter is modeled using a grin lens (material: GTAG), a prism (BK7), a sheath 

(THV_GENERIC) and flush fluid (seawater). Arterial tissue is modeled using a two-layer 

geometry. Top-layer contains gold nanoparticles (Pa = 181 cm-1) and intima (ps = 239 cm-1), 

while bottom-layer is composed of only intima. The absorption coefficient of intima tissue 

5 and scattering coefficient of nanoparticles are ignored since they are negligible compared to 

those of gold nanoparticles and intima tissue, respectively.  

ZEMAX simulation of OCT and TPL light interaction with arterial tissue is 

performed in three steps: (1) incident OCT (1310 nm) and TPL (800 nm, 1.35 MW, NA = 

0.04) excitation rays onto arterial tissue from a point source located at the center of the front 

10 surface of the grin lens. (2) a single macrophage cell (containing gold nanoparticles) at the 

beam-tissue interface is excited and emits TPL. (3) TPL emission rays from the macrophage 

cell is traced back to the catheter and detected by a detector located at the front surface of the 

grin lens (not shown in FIG. 6).  

Three important parameters are calculated from the ZEMAX simulation, including 

15 TPL optical path length (OPL), OCT and TPL emission spot size at the front surface of the 

grin lens, and TPL emission power at the front surface of the grin lens which can be coupled 

into the PCF. Specifically, Table 2 shows the OPLs of five different wavelengths of TPL 

excitation ranging from 798-802 nm both at chief ray and edge ray directions. Results 

indicate that the dispersion of TPL excitation pulse within the range of 5 nm from the front 

20 surface of the grin lens to arterial tissue surface is less than 1 fs.  

OPL (mm) OPL (mm) 
Wavelength (nm) Chief Ray (8 = 0*) Edge Ray (8 = 2.29*) 

798 4.91664060 4.91662242 

799 4.91656997 4.91655178 

800 4.91649954 4.91648133 

801 4.91642930 4.91641106 

802 4.91635924 4.91634099 

Numerical Aperture (NA) 0.04 0.04 

AOPL (pm) 0.281353472 0.281426256 

Dispersion (fs) 0.93784 0.93809 
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Table 2. Dispersion of TPL excitation light ranging from 798-802 nm both at chief ray and edge ray 
directions.  

The OCT and TPL spot size at the front surface of the grin lens is measured by a 

detector located at the same position in ZEMAX (FIG. 9, which shows the OCT and TPL 

5 spot size at the front surface of the grin lens measured by a detector located at the same 

position. The size of the detector is the same as the diameter of the grin lens.) As NA of OCT 

light (0.05) is higher than TPL excitation (0.04), OCT spot size (17.1 Pm) is slightly smaller 

than TPL emission spot size (21.8 pm). The PCF to be used has a core diameter of, for 

example,25 pm, which indicates that both OCT and TPL spot size can be fit into the core.  

10 The TPL emission power that can be coupled into the PCF core is then calculated 

from the detector shown in FIG. 5, only the rays within the 25 Pm diameter from the center 

of spot size are included. Based on TPL excitation instantaneous power (1.35 MW), the 

detected TPL emission instantaneous power at the detector within the 25 pm diameter is 

calculated to be 1.51X10-4 W, which suggests that a single TPL excitation pulse (800 fs) is 

15 able to generate 425 photons/pulse. As TPL excitation and OCT repetition rates are, 

respectively, 500 kHz and 50 kHz, 10 TPL excitation pulsed can be recorded within a single 

OCT A-scan, which results in 4250 photons/OCT A-scan. In comparison, the multiphoton 

microscope used to collect data records 0.7 photons/pulse (calculated from the Hamamatsu 

PMT specifications [31], data not shown) and the accumulated photons/pixel in a typical TPL 

20 image of nanoroses from the multiphoton microscope are limited to 133 photons/pixel.  

Therefore, the detection efficacy of catheter-based OCT-TPL system is more than an order of 

magnitude higher than the currently used multiphoton microscope.  

Example 5 - Nanorod Selection 

Gold nanorods can be internalized by macrophages (an important early cellular 

25 marker involved in atherosclerosis and cancer) and used as a contrast agent for a variety of 

imaging techniques for macrophage targeting. An objective of this study is to compare two

photon luminescence (TPL) properties of four sizes of gold nanorods with surface plasmon 

resonance at 700, 756, 844 and 1060 nm respectively. TPL from single nanorods and 

rhodamin 6G particles was measured using a laser-scanning TPL microscope. TPL emission 

30 spectrum from nanorods was recorded by a spectrometer with a photon multiplying CCD. All 

four sizes of nanorods produced strong TPL intensities with a dependence on the excitation 

wavelength, indicating the two-photon action cross section (TPACS) is plasmon-enhanced.  
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Quadratic dependence of luminescence intensity on excitation power (confirming a TPL 

process) was observed at low power levels, followed by an intensity saturation or decrease at 

high power levels due to a photobleaching effect. Largest TPACS of a single nanorod was 

measured to be 12271 GM compared to 25 GM of a single rhodamin 6G particle at 760 nm 

5 excitation. Characteristics of nanorods TPL emission spectrum can be explained by the 

recombination of electrons near the Fermi level with holes near the X and L symmetry points 

in the Brillouin zone. Comparison results of TPL brightness, TPACS and emission spectra of 

nanorods can be used to guide selection of brightest contrast agent for selected imaging 

applications.  

10 Atherosclerosis, one of the most common cardiovascular diseases, accounts for one

third of all deaths in the United States. [32]. Macrophages in the blood stream infiltrate into 

the intimal layer of blood vessels containing atherosclerotic plaques and become plaque

based macrophages (PBMs). PBMs accelerate inflammation by releasing matrix 

metalloproteinases (MMPs) which erode the thin fibrous cap (less than 65 pm in thickness) 

15 and make the plaques more prone to rupture [33, 34]. Tumor-associated macrophages 

(TAMs) are known to play a fundamental role in the progression of many cancers (e.g., 

breast, prostate, ovarian, cervical, lung carcinoma and cutaneous melanoma) [35]. In tumors, 

infiltrated TAMs provide an immunosuppressive microenvironment (through direct and 

indirect suppression of cytotoxic T cell activity) for tumor growth, promote angiogenesis, and 

20 produce soluble mediators that support proliferation and survival of malignant cells [36]. For 

these reasons, TAM density in solid tumors is generally described as correlating inversely 

with patient prognosis [35]. Additionally, an association between TAM presence and local 

invasion into ectopic tissue and/or metastasis has been established in many cancers [35, 36].  

Thus, macrophage is an important early cellular marker that provides information relevant to 

25 the risk of future plaque rupture and staging and metastasis of cancers. In vivo macrophage 

detection is of great clinical significance and has motivated development of macrophage

targeting contrast agents such as gold nanoparticles.  

A variety of gold nanoparticles with different coatings have been developed to target 

macrophages due to their unique optical properties (i.e., absorption, scattering and 

30 fluorescence), negligible cytotoxicity and good biocompatibility, including nanospheres [37, 

38], nanoshells [39, 40], nanocages [41, 42], nanoroses [43, 44], nanorods [45, 46], etc.  

While the quantum yield of bulk gold fluorescence was observed to be extremely weak (~10
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10) [47], gold nanoparticles can strongly enhance the local light-field amplitude [48, 49] and 

significantly increase the quantum yield to the 10-4 level [49] by the surface plasmon 

resonance (SPR) effect [51-53], which is known as coherent oscillation of electrons in the 

conduction band of the gold nanoparticle in resonance with the incident electromagnetic 

5 light-field of light. Due to drastic suppression of interband damping, nanorods exhibit higher 

local field enhancement factors than small nanospheres [54]. Mohamed et al observed a more 

than 106 times enhancement of quantum yield of gold nanorods by single photon plasmonic 

excitation over bulk gold [55]. Nanorods, unlike their counterparts with symmetrical shapes 

(e.g., nanospheres, nanoshells and nanocages), can easily tune the SPR to near-infrared 

10 wavelengths (where tissue absorption is at minimum) by varying the aspect ratios [56-59].  

Moreover, the synthesis procedure of nanorods is well established, providing better 

monodispersity and stability compared to the synthesis of other complex nanostructures (e.g., 

nanoroses and nanocages). Two-photon or multi-photon excitation processes, better than 

single-photon excitation, provide additional local field enhancement, and thus, a greater 

15 enhancement of quantum yield with stronger emission signals. Although the single-photon 

quantum yield of a nanorod is in the order of 10-4, it has been reported that the two-photon 

action cross section (TPACS) of nanorod can reach 2320 GM, which is within the range of 

that of quantum dots (2000-47000 GM) [60] and much higher than that of organic 

fluorophores (e.g., rhodamin 6G), providing a promising approach to detect these nanorods in 

20 biological tissues using two-photon excitation.  

Two-photon luminescence microscopy (TPLM) is of particular interest because of its 

near-infrared excitation where tissues scatter more weakly and have less absorption. TPLM 

can provide best contrast of nanorods and highest 3-D spatial resolution compared to other 

imaging modalities (e.g., MRI, CT, PET, OCT and ultrasound) [61-63]. Several TPLM 

25 studies of single nanorods have been reported with detailed description of quadratic power 

dependence [64, 65], local field enhancement at specific positions of nanorod [65], 

luminescence polarization and spectrum [60, 67]. However, further characterization and 

comparison of two-photon luminescence (TPL) from nanorods of different sizes at multiple 

excitation wavelengths is needed, these include: (1) comparison of TPL brightness of 

30 nanorods, (2) range excitation power of TPL process and photobleaching effect of nanorods, 

(3) TPACS of nanorods, and (4) TPL spectra of nanorods. These studies can provide a deeper 

understanding of TPL from nanorods and guide contrast agent selection and optimization.  
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In this study, a laser-scanning TPL microscope was used to investigate the TPL 

characterization of nanorods of different sizes at multiple excitation wavelengths. Nanorods 

with plasmon-resonance at 756 nm were found to be the brightest (at same excitation power) 

among all four sizes of nanorods at 760 nm excitation. All nanorods exhibit a quadratic 

5 dependence of TPL intensity on excitation power at low power levels, followed by an 

intensity saturation or decrease at high power levels due to a photobleaching effect. TPACS 

of four nanorods at three excitation wavelengths was calculated and compared. TPL emission 

spectra of nanorods was interpreted by electron-hole recombination and is consistent with 

TPL brightness measurement. Results of these experiments and analysis suggest that 

10 nanorod size determines not only SPR position but also TPL brightness, TPACS and TPL 

emission spectrum.  

Materials and Methods 

SAMPLE PREPARATION 

Gold nanorods were synthesized in solution using a seeded growth method as 

15 described previously [68]. Four sizes of nanorods with surface plasmon resonance at 700, 

756, 844 and 1060 nm respectively were purchased from Nanopartz, briefly sonicated and 

diluted 10 times from stock concentration before use. Nanorod samples were prepared by 

dispersing 5 pl dilution onto a glass slide and covered by a coverslip, forming a 5 Pm thick 

nanorod solution. Final concentration of four sizes of nanorods on the glass slide are, 

20 respectively, 5.7x10 , 4x100, 7.2x10 and 2.8x10 1 nanoparticles/ml. Transmission 

electron microscopy (TEM) revealed morphologies of nanorods and TPL images showed the 

shapes of a single nanorod at the diffraction limit (FIG. 10a-d). FIG. 10 provides TEM 

images of gold nanorods used in the study: (a) Au700, (b) Au756, (c) Au844, (d) Au1060.  

Insets in (a,b,c,d) are TPL images of a single nanorod at 840 nm excitation within the spectral 

25 range of 400-700 nm. Scale bars in TEM and TPL images represent 20 nm and 1 pm, 

respectively. (e) Schematic diagram of the laser scanning TPL microscope. EOM: electro

optic modulator; PMT: photomultiplier tube.  

The long axis of the gold nanorods are in the range of 35-67 nm, with corresponding 

aspect ratios of 2.9, 3.5, 4.4 and 6.7, respectively. Rhodamin 6G (Sigma-Aldrich, St. Louis, 

30 MO) was diluted into two concentrations in DI water: 110 pM and 1 pM. Sample with 110 

pM was sealed into a cuvette, while sample with 1 pM was dispersed and then dried on a 
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glass slide (forming a distribution of single rhodamin 6G particles). TPACS spectrum was 

measured for both cuvette and dried rhodamin 6G samples.  

TPL MICROSCOPY 

TPL from nanorods was measured using a laser scanning TPL microscope (FIG. 10b, 

5 Prairie Technologies, Middleton, WI). A femtosecond Ti:Sapphire laser (Mai Tai HP, 

Newport, Irvine, CA) emitting at 760-1040 nm (80 MHz, 100 fs) was used as an excitation 

light source. Intensity of the laser beam entering the microscope was modulated by an 

electro-optic modulator (350-80, ConOptics, Danbury, CT) and monitored by a pick-off 

mirror (reflectance 1%) with a power meter for measuring the power delivered to the sample.  

10 The focal volume of the objective lens (40x, NA=0.8, water emersion, Olympus, Center 

Valley, PA) was scanned over the sample in the x-y plane using a pair of galvanometric 

scanning mirrors to produce 2-D images. TPL emission from sample was collected through 

the same objective, separated from the excitation laser line by a 720 nm long-pass dichroic 

mirror, directed into four channels and detected by four photomultiplier tubes (PMT1,2: 

15 H7422P-40, PMT3,4: R3896, Hamamatsu, Bridgewater, NJ) in spectral ranges of 640-680, 

570-620, 490-560 and 435-485 nm, respectively. To minimize the photon count from 

excitation laser line, a short-pass filter (et720sp, Chroma Technology, Bellows Falls, VT) 

was placed after the dichroic mirror. In this study, only PMT1 was used to collect TPL 

emission signals (less than 720 nm) with absence of dichroic mirrors and a band-pass filter in 

20 detection light path. The TPL was also measured by replacing PMTl with a fiber-coupled 

spectrometer with a photon multiplying CCD (Shamrock 303i, Andor Technology, Belfast, 

Ireland).  

TPACS CALCULATION 

TPACS of nanorods were determined by a comparison method of the TPL emission 

25 from the reference rhodamin 6G sample. TPL emission from a sample can be expressed in 

Eq. (1) with related parameters [69]: 

F g, 8nP 2 

2 fr rCA 

(1) 
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Where F (in photons/second) is the TPL photons collected per unit time, P (dimensionless) is 

the TPL collection efficiency of the measurement system, C (in mol/ml) is the fluorophore 

concentration (i.e., nanorod and rhodamin 6G), gp (dimensionless) is the degree of second

order temporal coherence of the excitation source,f is the laser modulation frequency, r is the 

5 FWHM pulse width, n is the refractive index of the sample, P (in photons/second) is the 

excitation laser power, b is the excitation wavelength, q20-2 (in GM; 1GM=10-50 cm 4s/photon) 

is the TPACS where 12 and o-2 are quantum yield and two-photon absorption cross section 

respectively. By measuring the TPL emission intensity from single particles in TPL images, 

F, (nanorod) and Fr (rhodamin 6G) were obtained. Here, all TPL signals were measured 

10 under identical excitation wavelength with the same experimental conditions in the same 

system, therefore, p, gp,f, r and b are the same for nanorod and rhodamin 6G samples. Using 

Eq. (1) for two samples and change P to average power T (in Watts), TPACS of nanorod 

((q202)n) can be determined by comparing with the known TPACS of rhodamin 6G ((q 2 0_2)r) 

as shown in Eq. (2): 

15 ( 2 2 ) ' n' ('72U2) n, P2 F, 

(2) 

Results 

POWER DEPENDENCE OF NANOR OD BRIGHTNESS 

20 FIG. 1 la shows single-photon absorbance spectra of four sizes of nanorods measured 

at a concentration of 4x10 11 nanoparticles/ml. FIG. 1 lb shows MPL intensity dependence 

on the excitation laser power (132 pW- 4.8 mW) of nanorods at wavelengths of 760, 840 and 

1040 nm. FIG. 1 Ic shows quadratic dependence of luminescence intensity of nanorods on 

excitation laser power at lower power levels in (b). Slopes of 1.7-2.2 (for each size of 

25 nanorod at different excitation wavelength) confirm the TPL process.  

For each nanorod, two surface plasmon resonance (SPR) absorption peaks are visible, 

one at around 520 nm is due to transverse oscillation of electrons and insensitive to the size 

of nanorods. The other absorption peak is red-shifted to longer wavelengths and is due to 
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longitudinal oscillation of electrons with a peak wavelength that increases with nanorod 

aspect ratio [55,69]. Amplitude of longitudinal SPR also increases with aspect ratio (except 

for Au844), consistent with theoretical calculations [56]. Multi-photon luminescence (MPL) 

of four sizes of nanorods at three excitation wavelengths (i.e., 760, 840, 1060 nm) was 

5 measured by the TPL microscope. FIG. 1lb shows nanorod brightness dependence on the 

excitation laser power (132 pW- 4.8 mW) in logarithmic scale. MPL signal intensity is 

observed to first linearly increase (i.e., slope~2) at lower excitation powers for each nanorod, 

then the curve starts to bend and form an exponential-like increase followed by signal 

saturation (e.g., Au700-Ex760,840,1040; Au756-Ex760; Au844-Ex840,1060; Aul060

10 Ex840) or signal decrease (Au760-Ex1040, Aul060-Ex1040). At the same excitation power, 

MPL signal intensity is higher when excitation wavelength is closer to the longitudinal SPR 

of the nanorod. When the excitation is at (or close to) the longitudinal SPR wavelength, MPL 

signal intensity (i.e., nanorod brightness) is observed to follow: 

Au756>Au700>Au844>Au1060, where Au756 appears 11 times brighter than Au1060 at the 

15 excitation power of 372 pW. FIG. 1 Ic shows nanorod MPL at lower excitation power levels 

of FIG. 1 lb. Slopes of all curves ranging from 1.7-2.2 show a quadratic dependence of 

luminescence signal intensity on the laser excitation power, indicating a TPL process. Of note 

is that the TPL process power range varies with nanorod size, where bigger nanorods (e.g., 

Au844, Aul060) appear to have wider power ranges than smaller nanorods (e.g., Au700, 

20 Au756).  

MPL response as a function of time was measured to test MPL photobleaching 

properties of nanorods. Nanorods in a smaller field of view (20x20 Pm 2) were irradiated at 2 

mW for 30 s and a TPL image was recorded by immediately zooming out to a larger field of 

view (80x80 pm2) as shown in FIG. 12a where the red box indicates the smaller field of 

25 view. For each excitation wavelength, the averaged intensity of nanorods in the red box was 

normalized to that of the nanorods outside the red box in the larger field of view and results 

were shown in FIG. 1 lb. While all sizes of nanorods in the red box showed a MPL signal 

drop after 30 s laser irradiation compared to those in the larger field of view where nanorods 

experienced a much shorter irradiation time, it was observed that larger sizes of nanorods 

30 (i.e., Au844, Aul060) showed a more drastic signal drop (e.g., 35% drop for Aul060 at 1040 

nm excitation) at longitudinal SPR excitation wavelength compared to smaller nanorods (e.g., 

2% drop for Au756 at 760 nm excitation). MPL temporal response of nanorods suggest that a 

photobleaching effect is evident, especially in larger sizes of nanorods.  
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FIG. 12a shows a typical TPL image (80x80 pm2) of Au1060 at 844 nm excitation 

acquired after 30 s laser irradiation at 2 mW in the red box (20x20 pm2) in (a) where a MPL 

signal drop of nanorods is observed. FIG. 12b shows averaged MPL signal of nanorods in the 

red box (second bar of the same color) was normalized to that of the nanorods outside the red 

5 box in the larger field of view (first bar of the same color) for four sizes of nanorods at three 

excitation wavelengths. Error bar represents standard deviation.  

TPA CS MEASUREMENT OF NANORODS 

TPACS of rhodamin 6G needs to be measured before that of nanorods can be 

determined. TPACS of rhodamin 6G solution with an excitation wavelength range of 690

10 960 nm has been reported by Albota et al [71], however, this data does not include 

wavelength range of 960-1040 nm. In this study, we measured and calculated the normalized 

TPACS of both rhodamin 6G solution and single particle using Eq. (1) at excitation 

wavelength range of 760-1040 nm extending Albota et al data by 80 nm. A TPL process of 

rhodamin 6G was observed at all excitation wavelengths and applied power range (data not 

15 shown). Measurement of rhodamin 6G solution reasonablely matches reported values in 760

960 nm range with the major absorption peak overlapped at 820 nm. The absorption peak of a 

single rhodamin particle has a blue shift to 800 nm and the second peak at 1000 nm is 

drastically attenuated compared to rhodamin 6G solution. TPACS of a single rhodamin 6G 

particle was then used as a brightness reference for comparison with nanorods in accordance 

20 with Eq. (2).  

TPL signals of nanorods were measured at less than 1 mW excitation power where a 

TPL process can be warranted. The TPL brightness of a single nanorod was then compared 

with that of a single rhodamin 6G particle using Eq. (2) and results are shown in Table 3. We 

observe that (1) All nanorods have largest TPACS at or close to the longitudinal SPR 

25 wavelength, consistent with previous measurement on gold nanorods with longitudinal SPR 

at 820 nm [60]. TPACS decreases monotonically with excitation wavelength departing from 

the longitudinal SPR; (2) Smaller nanorods have larger TPACS than bigger nanorods with 

excitation wavelength at or close to the longitudinal SPR (e.g., Ex760 for Au 756 and Au700 

compared to Ex840 for Au844 and Ex1040 for Au1060). The TPACS of Au756 at 760 nm 

30 excitation is largest (12271 GM compared to 25 GM of a single rhodamin 6G particle) among 

all nanorods and excitation wavelengths investigated and about 15 times larger than that of 

Aul060 at 1040 nm excitation. The TPACS of Au844 at 840 nm excitation is 2039 GM, 
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which is very close to 2320 GM reported previously for a slightly bigger size of nanorods 

excited at 830 nm [60].  

FIG. 13 shows normalized TPACS of rhodamin 6G single particle, rhodamin 6G 

solution and reported values from Albota et al [41] at wavelength range of 760-1040 nm.  

5 Single rhodamin 6G particles were formed from dried water solution; Rhodamin 6G solution 

has a concentration of 110 pM dissolved in DI water; Reported data used a rhodamin 6G 

concentration of 110 pM dissolved in MeOH.  

Table 3. TPACS (in GM units) of single nanorod at excitation wavelengths of 760, 840 and 1040 nm 

respectively.  

Au700 Au756 Au844 Au1060 

Ex76O 82 27 

Ex840 2194 8412 2039 474 

Exl 040 63 31 671 682, 

10 

3.3 TPL EMISSION SPECTRA OF NANORODS 

To better characterize the TPL emission of nanorods, TPL emission spectra were 

collected from a nanorod solution (80x80 pm 2 field of view) in the spectral range of 350-700 

nm at multiple excitation wavelengths (i.e., 760, 800, 840 and 1040 nm). The average 

15 excitation power on all nanorods was kept less than 1 mW so that a TPL process can be 

satisfied. TPL emission was then normalized by the number of incident photons and nanorod 

concentration and shown in FIG. 14.  

FIG. 14 shows TPL emission spectra of (a) Au700, (b) Au756, (c) Au844 and (d) 

Au1060 at the excitation wavelengths of 760, 800, 840 and 1040 nm. Inset in (a) represents 

20 total quantum efficiency of the detection system including the electron multiplying CCD and 

gratings of the spectrometer. Spectra was corrected for the quantum efficiency and 

normalized on the number of incident photons and nanorod concentration 
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All TPL spectra were corrected for the total quantum efficiency of the photon 

multiplying CCD and gratings of the spectrometer (inset in FIG. 14a). For each nanorod size, 

TPL emission intensity appears highest at nanorod's longitudinal SPR wavelength and 

decreases monotonically with excitation wavelengths departing from the longitudinal SPR 

5 peak, suggesting the electric-field enhancement due to SPR absorption. The further the 

excitation wavelength shifts away from the SPR, the more drastically TPL emission signal 

drops, which is consistent with the results of PMT measurement of nanorod brightness as 

shown in FIG. 1 lb. All emission spectral intensities increase for lower photon energies where 

the excitation wavelength is located (except for Au 1060 at 1040 nm excitation), which can be 

10 attributed to the dispersion of the localized SPR [72]. The emission spectral range can be 

separated into three wavelength bands: 400-575, 575-640 and 640-700 nm. Two dips at 

around 575 and 640 nm are visible in the spectra of all sizes of nanorods, and more evident 

for Au756, Au844 and Au1060. For smaller nanorods (i.e., Au700, Au756), TPL emission 

intensity in the 640-700 nm band increases more rapidly than the other two bands compared 

15 bigger nanorods (i.e., Au844). Interestingly, TPL emission of Au1060 exhibits a plateau in 

the 400-575 nm band followed by a signal decrease in 575-640 and 640-700 nm bands.  

Because the TPL mechanism for gold nanorods is the same as that for bulk gold metal [72], 

the emission peak regions should be attributed to the energy gap between the excited 

electrons at the Fermi level and the holes in the d-band. We note that the second harmonic 

20 signals are also observed for nanorods at 1040 nm excitation, and not seen at all other 

excitation wavelengths. Details of the spectral features are discussed below.  

Discussion 

As nanorod brightness is very important parameter in macrophage targeting and detection, 

and also determines the sensitivity of an imaging system, selecting the size of nanorod that 

25 yields strongest TPL signals is of great clinical interest and significance. In this study, four 

sizes of nanorods were compared and Au756 was found to emit strongest at the same 

excitation power and at the excitation wavelength of corresponding longitudinal SPR. In fact, 

fluorescence emission by single photon excitation from gold nanorods is determined by three 

factors as demonstrated by Eustis and El-Sayed in their experimental and simulation studies 

30 [73]: (1) The strength of single-photon absorbance at longitudinal SPR wavelength, which 

should increase with increasing nanorod aspect ratio (FIG. 1 la). (2) The overlap between the 

SPR absorption band and the interband transition which is attributed to the electron transition 
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between the d-band and conduction band, and started at the threshold energy around 1.8 eV 

(689 nm) [74, 75]. (3) The overlap between the SPR absorption band and the fluorescence 

band of bulk gold which peaks around 525 nm, decreases thereafter and diminishes beyond 

750 nm [47]. The first factor is a competing component to the other two factors, the net effect 

5 of which determines the enhancement of TPL emission. In this study, as the aspect ratio of 

nanorods increases from 2.9 to 6.7, enhancement of longitudinal SPR increases while the 

overlap between the SPR absorption band and interband transition or bulk fluorescence of 

gold both decreases. Therefore, the observed strongest enhancement results in Au756 with an 

aspect ratio of 3.5, which is about 12 times higher than Au1060. This observation is very 

10 similar to that reported for nanorods with single-photon excitation, where quantum yield of 

nanorods increases quadratically for aspect ratios below 3.4 and decreases afterwards [76], 

and fluorescence emission starts to decline as aspect ratios increase beyond 3.25 to about an 

order of magnitude weaker with aspect ratio at 6 [73].  

Unlike single-photon excitation where nanorods are essentially inert to 

15 photobleaching and light scattering on nanorods can stay constant for several hours of 

measurement time in contrast to fluorescence from quantum dots or dyes [77], TPL emission 

signal from nanorods exhibits various levels of photobleaching depending on the size of 

nanorods (FIG. 12). In fact, TPL emission is determined by instantaneous incident power.  

TPL emission signal first increases when increasing excitation power due to the enhancement 

20 of emission by incident field, then decreases and eventually diminishes due to vanishing of 

the enhancement by nanorod shape transformation or damage. Link and El-Sayed et al [78] 

demonstrated that the threshold for complete melting of the nanorods is about 0.01 J/cm 2 

(100 GW/cm2) with a pulse duration of 100 fs at 800 nm excitation, while an apparent shape 

transformation of nanorods and a decrease of longitudinal SPR band is observed at 10 

25 GW/cm 2. Bouhelier et al [79] has shown that nanorods can be transformed to spherical shape 

at high excitation powers and the corresponding luminescence peak is blue-shifted, where 

emission enhancement can be greatly reduced. In this study, instantaneous power density at 

the beam focus was 13 GW/cm 2 (average power of 2 mW) at 1040 nm excitation, which is 

more than 10 GW/cm 2 and very likely to reshape part of the nanorods in the field of view.  

30 Therefore, it is expected that luminescence emission will be reduced and, moreover, this 

photobleaching effect is attributed to reshaping or partial nanorod damage, especially for 

those with a bigger size (i.e., Au844, Au1060) and aligned with polarization of incident laser 

light.  
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Gold crystal structure is known to have several symmetry points in the first Brillouin 

zone with electron transitions preferentially occurring near the X and L symmetry points [67, 

80]. In gold nanorods, X and L symmetry points can be along the directions of the long axis 

and diagonal of nanorod, respectively [67]. The TPL emission process in nanorods can be 

5 interpreted in three steps [46,54,74]: (1) Electrons in occupied d-band (or possibly sp

conduction-band below the Fermi level [67]) are excited by two-photon absorption to 

unoccupied sp-conduction-band above the Fermi level and electron-hole pairs are created. (2) 

Excited electrons then lose energy (e.g., through intraband scattering) to move energetically 

closer to the Fermi level. (3) Recombination of the electron-hole pairs result in luminescent 

10 emission. According to band structure calculation of gold [72, 81], emission peak regions 

should be in the spectral ranges of 1.8-1.9 eV (652-689 nm), 2.3-2.4 eV (517-539 nm) and 

3.1-3.3 eV (376-400 nm), which are attributed to the symmetry points of 6-5X, 6-5L and 6

4L, respectively. In this study, the TPL emission peaks of nanorods at corresponding 

longitudinal SPR excitation wavelengths are all observed to locate at around 680 nm and 530 

15 nm, and a sharp rising edge presents at around 400 nm, which is very consistent with the 

band calculations of emissions from 6-5X, 6-5L and 6-4L symmetry points respectively.  

Worth noting is that second harmonic signals are evident only at 1040 nm excitation 

(consistent with the reported observation [71]) but not observed at other excitation 

wavelengths, which may result from the immersion of the weak second harmonic signals in 

20 the dispersion of the TPL emissions.  

Conclusion 

By utilizing TPLM, TPL properties of gold nanorods were investigated and 

characterized. Four sizes of nanorods with longitudinal SPR wavelengths of 700, 756, 844 

and 1060 nm were excited at multiple excitation wavelengths (i.e., 760, 840, 1040 nm).  

25 Au756 was observed to emit strongest TPL signal at 760 nm excitation with the same 

excitation power among all nanorods. Quadratic dependence of TPL intensity on excitation 

power was satisfied at low power levels ( e.g., <1.6 mW), while a photobleaching effect was 

evident especially for larger-sized nanorods at a high power level (e.g., >1.6 mW). TPACS of 

nanorods at three excitation wavelengths was calculated based on the measurement of 

30 normalized TPACS spectrum of a single rhodamin 6G particle. TPL emission spectra of 

nanorods match the electron band calculations of gold and is consistent with TPL brightness 

measurement. Results suggest that gold nanorods are a promising imaging contrast agent for 
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TPLM, and brightest nanorods can be determined by comparison of TPL brightness, TPACS 

and emission spectra of nanorods.  

All of the devices, systems and/or methods disclosed and claimed herein can be made 

5 and executed without undue experimentation in light of the present disclosure. While the 

devices, systems and methods of this invention have been described in terms of particular 

embodiments, it will be apparent to those of skill in the art that variations may be applied to 

the devices, systems and/or methods in the steps or in the sequence of steps of the method 

described herein without departing from the concept, spirit and scope of the invention. All 

10 such similar substitutes and modifications apparent to those skilled in the art are deemed to 

be within the spirit, scope and concept of the invention as defined by the appended claims.  
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CLAIMS 

1. An apparatus comprising: 

an optical coherence tomography light source configured to emit a first wavelength; 

a splitter configured to direct the first wavelength emitted from the coherence 

tomography light source to a reference path and to a sample path; 

a short-pulsed light source configured to emit a second wavelength; 

a first dichroic element; 

a second dichroic element; and 

a photonic crystal fiber, wherein the photonic crystal fiber is configured to 

simultaneously: 

enable single-mode propagation of the first wavelength from the optical 

coherence tomography light source to a sample site; 

enable single-mode propagation of the second wavelength from the short

pulsed light source to the sample site; 

transmit an optical coherence tomography signal from the sample site, 

wherein the optical coherence tomography signal is generated from the 

first wavelength; and 

transmit an emission signal from the sample site, wherein the emission signal 

is induced by the second wavelength from the short-pulsed light source.  

2. The apparatus of claim 1 wherein the optical coherence tomography light source is configured 

as a swept source optical coherence tomography light source.  

3. The apparatus of claim 1 wherein the optical coherence tomography light source is configured 

as a broadband optical coherence tomography light source.  

4. The apparatus of claim 1 wherein the photonic crystal fiber is configured to allow single 

mode transmission of light emitted from the optical tomography light source and configured 

to allow single mode transmission of light emitted from the short-pulsed light source.  
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5. The apparatus of claim 1 further comprising a balanced detector.  

6. The apparatus of claim 5 wherein the balanced detector is configured to minimize a non

interfering OCT component.  

7. The apparatus of claim 1 further comprising a photon counting detector.  

8. The apparatus of claim 7 wherein the photon counting detector is a photomultiplier tube.  

9. The apparatus of claim 7 wherein the photon counting detector is an avalanche photo 

diode.  

10. The apparatus of claim 7 wherein the photon counting detector is configured to detect two

photon luminescence.  

11. The apparatus of claim 1 wherein the second dichroic element is configured to direct two 

photon luminescence toward a photon counting detector.  

12. The apparatus of claim 1 wherein the first dichroic element is configured to direct the first and 

second wavelengths to the sample path.  

13. The apparatus of claim 1 wherein the sample path is directed to a sample site that comprises 

nanoparticles.  

14. The apparatus of claim 1 further comprising a visual display configured to display an 

image of the sample site.  

15. The apparatus of claim 14 wherein the visual display is configured to enhance a portion of 

the display of the sample site based on the distance between the apparatus and the sample 

site.  

16. The apparatus of claim 15 wherein the visual display is configured to increase the brightness 

of a location of the sample site where a detected value exceeds a normalized 

value.  

17. The apparatus of claim 13 wherein the nanoparticles are configured as nanorods.  

18. The apparatus of claim 17 wherein the nanorods comprise gold and have a surface 

plasmon resonance of approximately 756 nm.  

19. The apparatus of claim 1 further comprising a dispersion compensating element.  
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20. The apparatus of claim 19 wherein the dispersion compensating element is configured to 

compensate dispersion differences of light emitted from the optical coherence tomography 

light source between the reference path and the sample path.  

21. The apparatus of claim 19 wherein the dispersion compensating element is configured 

to pre-compensate two-photon luminescence excitation light.  

22. The apparatus of claim 1 wherein the short-pulsed light source is a short-pulsed laser having 

a pulse energy between lopJ and 1 mJ and pulse duration between 5 fs and 100 ps.  
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