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Abstract: Current imaging techniques capable of tracking nanoparticles in
vivo supply either a large field of view or cellular resolution, but not both.
Here, we demonstrate a multimodality imaging platform of optical
coherence tomography (OCT) techniques for high resolution, wide field of
view in vivo imaging of nanoparticles. This platform includes the first in
vivo images of nanoparticle pharmacokinetics acquired with photothermal
OCT (PTOCT), along with overlaying images of microvascular and tissue
morphology. Gold nanorods (51.8 = 8.1 nm by 15.2 + 3.3 nm) were
intravenously injected into mice, and their accumulation into mammary
tumors was non-invasively imaged in vivo in three dimensions over 24
hours using PTOCT. Spatial frequency analysis of PTOCT images
indicated that gold nanorods reached peak distribution throughout the
tumors by 16 hours, and remained well-dispersed up to 24 hours post-
injection. In contrast, the overall accumulation of gold nanorods within the
tumors peaked around 16 hours post-injection. The accumulation of gold
nanorods within the tumors was validated post-mortem with multiphoton
microscopy. This shows the utility of PTOCT as part of a powerful
multimodality imaging platform for the development of nanomedicines and
drug delivery technologies.
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1. Introduction

Clinical trials are currently underway to test gold nanoparticles as cancer therapeutics [1-3]
due to their attractive physical and biological properties [4]. Gold nanoparticles have also
enabled significant advances in pre-clinical cancer research as drug delivery vectors [5] and
imaging contrast agents [6]. However, there is a need for improved technologies to image
gold nanoparticle distributions in vivo in the context of microvessel morphology (the key
delivery system for nanoparticles). Such an imaging platform could be used to optimize the
size, shape, material composition, and surface chemistry of nanoparticles for improved
clinical performance. High resolution, small field of view, and shallow imaging depth
microscopy techniques including dark-field and multiphoton are most often used to image
gold nanoparticles in vitro (and more rarely in vivo) [7-9]. For animal studies, postmortem
and destructive mass spectrometry techniques [10-12] are often employed to investigate the
general bio-distribution of nanoparticles. Emerging in vivo imaging modalities that can
monitor gold nanoparticle delivery (e.g. computed tomography [2, 13], photoacoustic
tomography [6, 14], surface enhanced Raman scattering [15], and microscopy techniques
[16]) supply either a large field of view or high resolution, but not both. In addition, the
majority of these existing tools cannot supply label-free contrast of the local
microvasculature, an essential component for assessing drug delivery. Consequently, there is
a significant gap in technologies that can provide non-destructive in vivo images of
nanoparticle pharmacokinetics with high resolution at depths greater than microscopy. This
spatial regime is important because heterogeneities in tumor microenvironment and
microvessel morphology, for example, can drastically alter local therapeutic delivery and thus
clinical efficacy [17].
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We demonstrate photothermal optical coherence tomography (PTOCT), a functional
extension of optical coherence tomography (OCT), to fill this spatial niche for in vivo
imaging of nanoparticle delivery. OCT is a noninvasive, three-dimensional (3D) imaging tool
that detects back-scattered near-infrared (NIR) photons from a sample to visualize tissue
morphology [18]. OCT fills the spatial imaging niche between high resolution microscopy
and whole body imaging techniques, supplying high resolution (1-30 um) at depths greater
than traditional and multiphoton microscopy (1-3 mm) [19]. In addition to tissue morphology,
Doppler [20] as well as speckle [21] and phase [22] variance imaging techniques allow OCT
to image microvessel morphology and quantify blood flow without the addition of contrast
agents. Although OCT provides images of tissue and microvessel morphology on a spatial
scale that is relevant for imaging animal models of disease, the source of OCT contrast (index
of refraction mismatches) weakly differs between molecular species. Therefore, functional
versions of OCT have been developed to visualize endogenous and exogenous targets [23—
28]. PTOCT is an especially sensitive functional extension of OCT that identifies photon
absorbing targets with high specificity over background tissue scattering [26—28]. PTOCT has
been demonstrated with nanoparticle contrast agents in vitro and ex vivo including gold
nanospheres [26], gold nanoshells [28], gold nanorods [27, 29], carbon nanotubes [30], and
gold nanoroses [31], and PTOCT was recently demonstrated for in vivo imaging of
subcutaneous injections of gold nanorods into a mouse ear [27].

This study demonstrates a novel and powerful application of PTOCT for in vivo imaging
of nanoparticle delivery to tumors, and provides unique insights into heterogeneities in
nanoparticle uptake and microvascular function that can be used to optimize nanoparticle
delivery. This work provides the first PTOCT image volumes in vivo, as well as the first co-
registered images of tissue structure, microvessel morphology, and nanoparticle delivery in
the OCT spatial imaging regime. PTOCT non-destructively images nanoparticle uptake in
tumors in three dimensions with microscopic resolution and a wide enough field of view to
capture a large region of the tumor (multiple millimeter scan range). Therefore, PTOCT can
potentially provide a robust method to study the effects of size, shape, material composition,
and surface chemistry of gold nanoparticles for improved in vivo delivery. Gold nanorods
(AuNRs) were studied because they exhibit tunable and narrow NIR local surface plasmon
resonance peaks, with photothermal efficiencies greater than gold nanoshells [2]. Here,
PTOCT s used to image the accumulation of intravenously-injected AuNRs into mouse
mammary tumors via the enhanced permeability and retention (EPR) effect, a hallmark of
cancer where newly formed and leaky vasculature allows extravasation of particles between 5
and 200 nm [32, 33] diameter into the tumor tissue space [17, 34].

2. Materials and methods
2.1 Gold nanorod (AuNR) synthesis

Methoxy-terminated poly(ethylene glycol) (PEG) AuNRs were synthesized for in vivo
injection using a well-established seed-mediated growth method using the surfactant
hexadecyltrimethyl ammonium bromide (CTAB) [35]. Following synthesis, CTAB surface
molecules were exchanged with 5 kDa PEG molecules to increase biocompatibility and
circulation time in vivo. To do so, a 20 mM solution of 5 kDa mPEG-thiol (Layson Bio) in
distilled water was reduced with immobilized TCEP resin (Thermo Scientific) for one hour at
room temperature. One mL of CTAB-coated AuNRs was functionalized with PEG by the
sequential addition of 275 pL of 1.1 mM K2CO3 and 250 uL of reduced 5 kDa mPEG-thiol.
PEG-coated AuNRs were then purified by centrifugation at 15,300 x g for 10 minutes and
resuspended in 1X PBS. Efficient surface PEGylation was verified by a lack of AuNR
aggregation upon resuspension in 15% FBS and 10X PBS. A stock solution of PEG-coated
AuNRs with an absorption peak at 740 nm was sterile filtered using 200 nm pore syringe
filters and concentrated to 9 nM for in vivo injection. A representative transmission electron
microscopy (TEM) image and spectrophotometry curve for the AuNRs are shown in Fig.
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1(a). Quantitative analysis of TEM images revealed an average AuNR size of 51.8 + 8.1 nm
long by 15.2 + 3.3 nm wide (n = 20), and an average aspect ratio of 3.4.

2.2 Imaging instrumentation

A commercial fiber-coupled spectral domain OCT system (Bioptigen) was altered for PTOCT
imaging (Fig. 1(b)). An 860 nm central wavelength, superluminescent diode (SLD, Fig. 1(b))
served as the OCT imaging beam (6.4 um resolution in air), with 750 pW of power on the
sample. SLD light was sent through a circulator and split between the imaging sample and a
reference reflector using a 50/50 fiber coupler. Returning interference light was captured by a
2048 pixel CCD (Atmel) at a rate of 10 kHz. Incident light on the sample was scanned in the
second and third spatial dimension using galvanometer mirrors, and focused to a lateral
resolution of approximately 25 pum. Polarization states in the reference and sample arm were
optimized using fiber-based polarization controllers (PC, Fig. 1(b)). A tunable
Titanium:Sapphire NIR laser source (Coherent) served as the photothermal heating beam
(note that continuous wave lasers are equally effective sources). This source was amplitude
modulated with a 50% duty cycle square wave using a mechanical chopper and coupled into
the sample arm fiber for co-alignment with the imaging beam. The photothermal beam was
amplitude modulated at 500 Hz and tuned to 740 nm (the AuNR local surface plasmon peak
wavelength), with 25 mW of average power on the sample over one modulation period.

(a) (b) Reference

Ao = 860 nm

| SLDb ‘\C‘irculator PC <0:I
U Galvo Scanners
Spectrometer \ P ‘)
and CCD 50/50

' Ti:Sapphire O

c T
%0 00 800 1000 CAmiads Kindviaton) ,! i/iu 3+

Wavelength (nm) — -

Fig. 1. Contrast agents and PTOCT imaging instrumentation. (a) Extinction spectrum of AuNR
samples with an absorption peak of approximately 740 nm, with a representative TEM (inset,
scale bar = 100 nm). (b) A fiber-based PTOCT system was constructed for imaging. The
titanium sapphire laser was amplitude modulated and used as a photothermal heating source.
Mice with dorsal skinfold window chambers containing mammary tumors were intravenously
injected with AuNRs into the tail vein and imaged with PTOCT over time. SLD:
Superluminescent diode; PC: Polarization controllers; 50/50: Fiber coupler

2.3 Image acquisition and signal processing

PTOCT exploits the photothermal effect to produce changes in optical path length that can be
detected with high sensitivity and specificity using phase-resolved OCT. In our experiments,
the photothermal heat release from AuNRs is modulated with an amplitude-modulated laser
tuned to the resonance peak of the nanoparticles (Fig. 2(a), top). Upon heat release into the
microenvironment, water in the tissue surrounding the nanoparticles undergoes thermoelastic
expansion and index of refraction shifts, thus altering the optical path length over time. The
phase-resolved OCT image is directly related to optical path length, allowing PTOCT to
identify AuNRs within the tissue due to fluctuations in OCT phase (Fig. 2(a), bottom) [27].
Digital lock-in detection was used to isolate the photothermal oscillations within the
phase-resolved OCT data. For each 1D depth-resolved PTOCT A-scan, 1000 repeated OCT
A-scans were captured over time while amplitude modulating the photothermal laser at 500
Hz. Each OCT interferogram was resampled from linearity in wavelength to linearity in
wavenumber, dispersion corrected [36], and background subtracted [37]. A Chirp-Z transform
converted wavenumber data to depth-resolved image data, creating a three-dimensional
complex-number data set as a function of depth (z), time (t), and lateral position (x) for each
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B-scan (Fig. 2(b)). The phase (®, Fig. 2(b)) at each point was used for subsequent analysis.
The phase in each A-scan was referenced to the first bright reflection to increase phase
stability (i.e. self-referencing) [38]. Then, the temporal derivative of the phase at each point in
depth was calculated [27], and the data was Fourier transformed in the temporal dimension.
The PTOCT signal for each point in depth (z) and lateral position (x) was defined as the
magnitude of its temporal Fourier transform at the amplitude modulation frequency of the
photothermal beam (500 Hz, green circle Fig. 2(b)), minus the background (the mean of the
adjacent 200 Hz frequency components). The Fourier transform magnitude data was
transformed to optical path length units according to previous methods [27]. This analysis
was completed at all points in space to reconstruct PTOCT images (Fig. 2(b)). This process
was expanded to a third spatial dimension to create 3D volumes. Previous work provides
details of the PTOCT system, signal characterization, and signal analysis [27].

d
- : —6
@ W b louce] ¢
P : s @ z 2
@ | Az tx) |G
¥ \ & 0
S N X
. 0 500 1000
t Frequency (Hz)
\\\\ k IA(Z, tOnX )I Evaluate at
— x LT

Wavenumber

Time

Fig. 2. PTOCT signal analysis. (a) AuNRs (dark yellow, top) in optically scattering tissue
(bright yellow, top) are identified by the OCT imaging beam (black dashed line, top) by their
photothermal heat release signature after absorption of an amplitude-modulated heating beam
(red dashed structure, top). Oscillations in heat release from AuNRs cause oscillations in
optical path length and thus the phase of the OCT interference pattern over time (bottom). (b)
For each PTOCT B-scan, a complex-valued 3D data set is constructed as a function of depth
(2), space (x), and time (t) (top left). The temporal derivative of the phase (®) of this 3D data
set is taken, followed by a temporal Fourier transform (top left). A peak in this Fourier-
transformed data at 500 Hz (the amplitude-modulation frequency of the photothermal beam,
green-dashed circle) reveals the presence of AuNRs (top right). This analysis is repeated at all
spatial positions to reconstruct the 2D cross-sectional PTOCT image, which localizes AuNRs
(green pixels, bottom right). The magnitude of the depth-resolved data set provides the
traditional OCT structural image (bottom left). Bottom panels show representative OCT and
PTOCT images of a solid agarose phantom with AuNRs spatially confined to the left capillary
tube (scale bar = 1 mm).

In addition to PTOCT, speckle variance OCT (SVOCT) maps of microvessel morphology
(intensity-normalized variance of the magnitude image over 10 repeated A-scans) were
collected over the same image volumes, and were then median filtered to reduce noise.
Traditional OCT tissue morphology images were calculated as the log based ten values of the
magnitude image. Three by two millimeter rectangular volume scans were acquired, with
isotropic 10 um lateral sampling for OCT and SVOCT image volumes, and 10 pm (fast scan
dimension) by 100 um (slow scan dimension) sampling for PTOCT image volumes. PTOCT
cross-sectional images were filtered using a two-dimensional (2D) median filter and masked
using the OCT magnitude data. The 3D image volumes where then reduced to two en face
dimensions by averaging along the depth dimension (approximately 1 mm in depth). SVOCT
projections were further filtered using a Gabor filter to increase contrast to vessel-like
features [39]. En face projections of OCT (tissue morphology, gray), SVOCT (vessel
morphology, red), and PTOCT (AuNRs, green) were used for quantitative data analysis.

#207882 - $15.00 USD  Received 10 Mar 2014; revised 25 Apr 2014; accepted 28 Apr 2014; published 1 May 2014
(C) 2014 OSA 1 June 2014 | Vol. 5, No. 6 | DOI:10.1364/BOE.5.001731 | BIOMEDICAL OPTICS EXPRESS 1736



OCT, SVOCT, and PTOCT images were processed and quantified offline using custom
Matlab software.

A spatial frequency analysis of the PTOCT en face projections was performed to
characterize the diffusion of the AuNRs throughout the tissue over time. Each PTOCT en face
projection was first multiplied by a raised cosine window to remove edge artifacts in the
Fourier transform. PTOCT images were then mean subtracted, and a two-dimensional Fourier
transform was calculated so that low spatial frequency content of the image was radially
centered, with high frequency content located at the edges. Fourier transformed images were
then masked to include only low or high frequency components, and the image energy (the
sum of the magnitude squared) of the low and high frequency masked images were
calculated. This analysis quantifies the percent of image energy that is either low (diffuse) or
high (sparse) spatial frequency, and can be expanded to include directionality and multiple
frequency bands. The frequency cutoff was selected to enclose spatial frequencies less than or
equal to 10% of the Nyquist sampling frequency.

2.4 In vivo imaging

All animal work was approved by the Vanderbilt IACUC committee, and all surgical
procedures were performed using aseptic techniques. Six nude (Foxnl™/ Foxnl™, The
Jackson Laboratory) female mice, 12 weeks of age, underwent dorsal skinfold window
chamber surgery for direct visualization of 4T1 (mouse mammary) tumors. While under
inhalant isoflurane anesthesia (1.5-2%), a custom made 10 mm diameter window was placed
onto the back of the mouse and secured across a dorsal skinfold with the use of three bolts
and sutures at the top and bottom of the window. The skin from one side of the skinfold
within the window was removed, as well as the underlying fascia layer. A 4T1 (mouse
mammary) solid tumor, which was grown for 16 days in the mammary fat pad of a separate
mouse, was sliced to a thin section and placed on the exposed tissue layer in the dorsal
window. The window was filled with sterile saline, and overlain with a coverslip to visualize
the underlying tumor. 4T1 tumors were allowed to grow in the dorsal skinfold window for 10
days prior to imaging. Following baseline (pre-injection) OCT, SVOCT, and PTOCT
imaging, sterile-filtered PEG-coated AuNRs in 1X PBS (200 ml volume, ~9 nM
concentration) [2] were injected into the tail vein of four mice, while sterile 1X PBS was
injected as a vehicle control into two mice. After injection, three more imaging time points
were performed at approximately 2, 16, and 24 hours post-injection to image the
accumulation of AuNRs into the tumor tissue via the EPR effect. During imaging, mice body
temperature was regulated by a circulating heating pad while the mice were under inhalant
isoflurane anesthesia (1.5% in air). Dorsal windows were tightly secured to the imaging stage
using a custom apparatus.

2.5 Ex vivo multiphoton microscopy

Upon completion of in vivo imaging time courses, the mice were sacrificed and tumors were
harvested for further imaging. The tumor was maintained in standard cell culture media on ice
and imaged ex vivo using multiphoton luminescence microscopy as an independent validation
of AUNR accumulation into the tissue. A custom-built multiphoton epi-fluorescence imaging
system (Prairie Technologies) was used for ex vivo tissue imaging. A Titanium:Sapphire laser
was tuned to the excitation peak of the AuNRs (740 nm) with less than 1 mW of power
incident on the sample. An emission filter at 607 nm with a 45 nm bandwidth was used to
capture AuNR luminescence signal and reject any autofluorescence. Ex vivo images were
captured with a 20X objective (NA = 0.75), and were processed offline using a custom
Matlab routine. For quantitative analysis, two images for each of the six animals were
analyzed (n = 12 total). All images were collected in the same imaging session, ensuring
constant imaging parameters (laser power, detector settings, etc.) between samples.
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3. Results
3.1 In vivo imaging of AUNR accumulation into tumors

Mice with mammary tumors in dorsal window chambers were intravenously injected with
either AUNRs or 1X PBS (vehicle control), and imaged at multiple time points before and
after injection. Examples of the PTOCT image volumes collected with OCT, SVOCT, and
PTOCT are shown in Fig. 3. Tissue morphology (gray channel, OCT), vessel morphology
(red channel, SVOCT), and AuNR distribution (green channel, PTOCT) are inherently co-
registered (Fig. 3(a)). The distribution of AuNRs at each time point is noninvasively imaged
with respect to the tissue structure as well as vessel morphology. An angled slice through the
depth dimension yields better visualization of all three image channels as a function of depth
(Fig. 3(b)). The tissue structure (gray channel, OCT) can also be removed (Fig. 3(c)) to better
visualize the structure of the AuNR distribution with respect to the vessel morphology. For
quantitative comparisons between imaging data sets, image volumes were reduced to two
lateral en face dimensions via averaging over the depth dimension (Fig. 3(d)).

(a)

(b) | (c) (d)

Fig. 3. Representative in vivo PTOCT image volumes. (a) 3D rendering of mouse 4T1 tumor
16 hours after AUNR injection via the tail vein, with OCT of tissue structure (gray channel),
SVOCT of vessel morphology (red channel), and PTOCT of AuNRs (green channel). (b) An
angled slice through the 3D volume reveals depth-resolved anatomy, vessel morphology, and
AuNR distribution. (c) Removing the structural information reveals the underlying vessels
(red) and AuNR distribution (green) in three dimensions. (d) After averaging over the depth
dimension, co-registered 2D en face projections of tissue morphology, vessel morphology, and
AuNR distribution are visible in the tumor tissue (scale bar =1 mm).

Example en face projections of overlapping tissue morphology (gray channel, OCT),
vessel morphology (red channel, SVOCT), and AuNR distribution (green channel, PTOCT)
for control (1X PBS injected, n = 2) and experimental (AuNR injected, n = 4) animals are
shown in Fig. 4. Vessels within the tumor tissue are clearly visible in both control mice
injected with 1X PBS (Fig. 4, top) as well as experimental mice with systemically injected
AuNRs (Fig. 4, bottom). In addition, distinct morphological features are present from within
the tumor tissue. However, the PTOCT signal is only visible in mice after systemic injection
of AuNRs, indicating the ability of PTOCT to specifically image AuNRs in vivo at the tumor
site, even in the presence of tissue scattering. Due to the size of the AuNRs, the particles are
found mainly within close proximity of terminal microvessels over the time points imaged
(Fig. 4). These findings agree with previous work using histology [40] and microscopy of
superficial depths [41] that established a relationship between particle size and diffusion
distance from microvessels in tumors. However, these previous studies required destructive
techniques or contrast-aided visualization of vasculature.
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Fig. 4. PTOCT signals increase in vivo after AuNR injection. En face projection images of
tissue morphology (OCT, gray), vessel morphology (SVOCT, red), and AuNR distribution
(PTOCT, green) in a mouse tumor pre-injection, and 2 hours, 16 hours, and 24 hours after
injection of either 1X PBS (top) or AuNRs (bottom) in 1X PBS (scale bar = 1 mm). The
PTOCT signal appears only after injection of AuNRs. White arrows point to regions of
positive PTOCT signal 2 hours after injection.

Specific imaging of AuNR uptake in tumors is apparent from the en face PTOCT
projections from mice injected with 1X PBS control (Fig. 5(a)) versus AuNRs (Fig. 5(b)) 16
hours post-injection. The time-course of AUNR accumulation and retention within the tumors
was similar across all animals (Fig. 5(c)), and mice injected with AuNRs exhibited
significantly increased PTOCT signal compared to pre-injection values (p<0.05, Wilcoxon
rank sum test, Fig. 5(d)). The PTOCT signal peaked at 16 hours after AuNR injections, with a
peak PTOCT signal of 145 + 46 picometers across all experimental animals (Fig. 5(d)).
Although low resolution imaging modalities can provide information on the bulk
accumulation of nanoparticles in tumors, the high resolution and wide field of view of
PTOCT allows for visualization of spatially distinct nanoparticle uptake over large regions of
the tumor volume. The bulk accumulation of AuNRs in tumors is similar across mice (Fig.
5(c)), however there are spatial heterogeneities in uptake within individual tumors and these
spatial patterns vary between tumors (Fig. 5(b)). One important attribute of PTOCT is its
ability to capture these spatial heterogeneities over a wide field of view, which is difficult to
accomplish with microscopy or whole body imaging techniques. Additionally, PTOCT can
acquire images at depths greater than confocal and two-photon microscopy.
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Fig. 5. In vivo temporal and spatial tracking of AuNR uptake in tumors using PTOCT. En face
PTOCT projection images from all mice 16 hours after injection of either (a) PBS (n = 2) or
(b) AuNRs (n = 4) (scale bar = 1 mm). (c) Mean PTOCT signal at each imaging time-point for
the two mice injected with PBS and the four mice injected with AuNRs (“preinj” = pre-
injection). (d) Mean + standard error PTOCT signal for all mice injected with either PBS (n =
2) or AuNRs (n = 4). *p<0.05.

The high resolution of PTOCT can be exploited for more advanced image analysis to
quantify AuNR spatial distribution over time. This analysis can be applied to optimize
nanoparticle delivery, and to determine the time-points at which photothermal or other
therapeutic interventions would be most effective. Specifically, the sparsity of the AuNR
distribution within the tumor at each time point was quantified from the spatial frequency
content of each 2D PTOCT projection image. The low and high spatial frequency components
correspond to AuNR distributions in the tumor that are diffuse (more dispersed throughout
the tissue) and sparse (spatially confined to distinct locations), respectively.

PTOCT en face images for one mouse at the three time points after AUNR injection are
shown in Fig. 6(a), as well as the accompanying two dimensional Fourier transforms (Fig.
6(a), bottom). The red circle in each Fourier transform image (Fig. 6(a), bottom) represents
the cutoff between low and high frequency content calculations. The image energy due to low
frequencies is shown in Fig. 6(b) for each mouse injected with AuNRs, and the average for all
four mice is plotted in Fig. 6(c). Low frequency components are at a minimum at the earliest
time point, due to the sparsity of the AUNR accumulation early after injection. At later time
points, the low frequency component increases (and the high frequency contribution
decreases an equal amount) due to the increased accumulation and diffusion of the AuNRs
throughout the tissue (p<0.05, Wilcoxon rank sum test). Between the 2 hour and 16 hour
time-points, the energy of the low spatial frequencies increases by approximately 15%, then
remains fairly constant, indicating that the diffusion of the AuNRs throughout the tissue peaks
between those time-points. As shown previously, the mean PTOCT signal (Fig. 5(d)) due to
AUNR accumulation is similar at 2 and 24 hours. However, the distribution of AuNRs is quite
different between those time points (Fig. 6(c)). These distribution dynamics are helpful for
understanding the pharmacokinetics of AuNRs into and out of the tumor, and for properly
optimizing nanoparticles for clinical therapeutic and imaging strategies. Lower resolution
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imaging tools (computed tomography, photoacoustic tomography, etc.) as well as destructive
techniques (e.g. ICPMS) can measure bulk accumulation of AuNRs over a large tumor
section. However, the high-resolution distribution analysis provided by PTOCT is critical for
understanding AuNR accumulation throughout different spatial locations in the tumor, and
highlights the enabling abilities of high resolution, wide field of view, and deeply penetrating
PTOCT imaging. For example, nanoparticles that are too large to diffuse away from nearby
vessels can only deliver drug to perivascular tumor regions. PTOCT can resolve these
intratumoral heterogeneities in nanoparticle delivery with respect to nearby vasculature, and
could therefore serve as a robust tool for tracking the efficacy of nanoparticle-based drug
delivery platforms that seek to homogeneously disperse throughout a tumor.
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Fig. 6. Spatial frequency content analysis of in vivo PTOCT images reveals an increase in low
spatial frequencies over time. (a) PTOCT en face images (top) and accompanying 2D spatial
Fourier transforms (bottom) from a representative mouse tumor 2 hours, 16 hours, and 24
hours after injection of AuNRs (scale bar = 1 mm). The red circle highlights the cutoff
between high (outside the ring) and low (inside the ring) spatial frequencies. (b) Percent of
image energy due to low spatial frequencies over time for four mice injected with AuNRs. (c)
Mean + standard error of the image energy due to low and high spatial frequencies for mice
injected with AuUNRs (n = 4) over time. *p < 0.05.

3.2 Ex vivo validation using multiphoton microscopy

Following the completion of the PTOCT imaging studies, the mice were sacrificed and
tumors were harvested for further imaging. Gold nanoparticles possess a strong multiphoton
luminescence signal that is spectrally separate from common autofluorescent proteins native
to cells, so multiphoton imaging serves as a reliable validation tool for imaging AuNRs [8,
42]. Representative ex vivo multiphoton images of tumors from mice intravenously injected
with PBS (Fig. 7(a)) or AuNRs (Fig. 7(b)) after completion of the PTOCT imaging study are
shown, as well as the mean signal for tissues from mice intravenously injected with AuNRs or
PBS (Fig. 7(c)). All ex vivo multiphoton imaging occurred in unaltered tissue samples freshly
harvested from the same mice imaged in the PTOCT study. There is a significant increase in
the multiphoton signal measured in tumors from mice injected with AuNRs compared to
tumors from mice injected with PBS (p<0.05, Wilcoxon rank sum test). The average value
from the negative control mice indicates the noise floor of the system, since no appreciable

#207882 - $15.00 USD  Received 10 Mar 2014; revised 25 Apr 2014; accepted 28 Apr 2014; published 1 May 2014
(C) 2014 OSA 1 June 2014 | Vol. 5, No. 6 | DOI:10.1364/BOE.5.001731 | BIOMEDICAL OPTICS EXPRESS 1741



structure or signal was visible in any PBS-injected mouse tumor. After ex vivo imaging,
tumors were formalin fixed, paraffin embedded, sliced, stained with hematoxylin and eosin,
and histologically verified as malignant mammary tumors (data not shown). These ex vivo
analyses confirm the observed increase in PTOCT signal is due to accumulation of AuUNRs in
the tumor tissue.
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Fig. 7. Validation of AuNR uptake into tumor tissue. Representative 20X multiphoton image
of tumor tissue 24 hours after tail vein injection of (a) 1X PBS or (b) AuNRs, imaged ex vivo
(scale bar = 100 um). (b) Mean + standard error of the multiphoton signal across all ex vivo
images from mice injected with either PBS (n = 4 images) or AuNRs (n = 8 images). *p < 0.05

4. Discussion

We have shown that PTOCT can temporally track the 3D accumulation of AuNRs into tumor
tissue. PTOCT identified peak AUNR accumulation in tumors around 16 hours, which agrees
with temporal trends found in previous studies that employed invasive methods to quantify
nanoparticle biodistribution [43]. Co-registered images of tissue structure (OCT), vessel
morphology (SVOCT), and nanoparticle distribution (PTOCT) with the same imaging system
could allow for comprehensive analyses of nanoparticle delivery kinetics. For example, this
platform of multimodal OCT can be applied to analyze in vivo drug diffusion distances from
vessels over time, or to validate in vivo drug release over a greater tumor volume than
previous studies, without the need for vascular contrast agents [41, 44]. PTOCT has the
potential to track not only gold nanoparticles in vivo, but any molecule with a strong NIR
absorption cross section (e.g. near infrared fluorophores [45], carbon nanotubes [30]), with
large fields of view, at high resolution, and at depths greater than confocal and multiphoton
microscopy. This could allow for in vivo imaging of the delivery of clinically relevant agents
of different size, shape, and surface chemistry in the context of the microvasculature (i.e. the
drug delivery system). For example, PTOCT could track dye-tagged drugs or nanoparticles
over time and over multiple doses to quantify the in vivo spatial distribution and
pharmacokinetics of these agents at the target site. PTOCT could also be used to refine
delivery strategies to overcome clearance by the immune system [46]. Additionally, other
orthotopic tumor models including brain and mammary windows [22] can be imaged with
PTOCT, further supporting widespread adoption.

Remaining optimizations including phase accumulation [47] and imaging speed [48] can
also be incorporated for more streamlined acquisition and analysis. In its current
implementation, PTOCT contains axial image artifacts due to phase accumulation. Published
models address this issue in layered homogeneous phantoms [47], and models for
heterogeneous in vivo images are currently under development. In addition, the current
PTOCT implementation uses digital sampling and lock-in, which required a 14-minute scan
time per volume. However, with the development of optical lock-in techniques for low
coherence interferometry [48], PTOCT can potentially be performed with significantly
reduced acquisition times. Long in vivo scan times can also cause image artifacts due to
respiratory and cardiac motion. However, a few key data acquisition and signal processing
considerations were used in this study to minimize the impact of motion artifact on PTOCT
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images. First, the photothermal heating laser was modulated at 500 Hz, which lies outside of
the frequency range of motion artifact (<500 Hz). Second, the phase at all points in depth was
digitally referenced to the most shallow reflection in the image (i.e. the dorsal window
coverslip), thus improving phase stability [38]. Last, any remaining motion artifact was
background subtracted using the average of the frequency components adjacent to the
photothermal frequency.

In conclusion, PTOCT is a promising imaging platform for the study of gold nanoparticles
and other photon-absorbing molecules in vivo. PTOCT provides non-invasive images of 3D
drug delivery dynamics, along with corresponding tissue and vessel morphology images. As
the technology continues to develop, PTOCT could have broad applications to assess in vivo
delivery of nanomedicines and imaging contrast agents, greatly impacting drug discovery and
molecular imaging.

Acknowledgments

This work was supported by grants from the National Institutes of Health under award
numbers ROOCA142888 and R25CA136440-05. In addition, the authors wish to acknowledge
Victoria Youngblood and Dr. Jin Chen for assistance with in vivo tumor systems, Spencer
Crowder for supplying 4T1 tumor cells, and Tianwei Shen and Travis Meyer for assistance in
gold nanorod synthesis.

#207882 - $15.00 USD  Received 10 Mar 2014; revised 25 Apr 2014; accepted 28 Apr 2014; published 1 May 2014
(C) 2014 OSA 1 June 2014 | Vol. 5, No. 6 | DOI:10.1364/BOE.5.001731 | BIOMEDICAL OPTICS EXPRESS 1743





