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Fluorescent imaging in the second near-infrared window (NIR II,
1-1.4 pm) holds much promise due to minimal autofluorescence
and tissue scattering. Here, using well-functionalized biocompati-
ble single-walled carbon nanotubes (SWNTs) as NIR Il fluorescent
imaging agents, we performed high-frame-rate video imaging
of mice during intravenous injection of SWNTs and investigated
the path of SWNTs through the mouse anatomy. We observed in
real-time SWNT circulation through the lungs and kidneys several
seconds postinjection, and spleen and liver at slightly later time
points. Dynamic contrast-enhanced imaging through principal
component analysis (PCA) was performed and found to greatly
increase the anatomical resolution of organs as a function of time
postinjection. Importantly, PCA was able to discriminate organs
such as the pancreas, which could not be resolved from real-time
raw images. Tissue phantom studies were performed to compare
imaging in the NIR Il region to the traditional NIR | biological trans-
parency window (700-900 nm). Examination of the feature sizes of
a common NIR | dye (indocyanine green) showed a more rapid loss
of feature contrast and integrity with increasing feature depth as
compared to SWNTs in the NIR Il region. The effects of increased
scattering in the NIR | versus NIR Il region were confirmed by Monte
Carlo simulation. In vivo fluorescence imaging in the NIR Il region
combined with PCA analysis may represent a powerful approach
to high-resolution optical imaging through deep tissues, useful for
a wide range of applications from biomedical research to disease
diagnostics.

near-infrared imaging | photoluminescence | principal component analysis
imaging | dynamic contrast imaging | deep-tissue imaging

luorescence is an important imaging modality in life sciences

and medicine (1) because of its ability to resolve features down
to the diffraction limit and beyond (2, 3). The benefit of higher
resolution unfortunately comes at the cost of limited tissue pene-
tration depth (4). Absorption by biological tissue and water is one
factor that leads to attenuation of signal proportional to the
depth of the feature of interest. To overcome this problem, much
research has focused on developing and implementing fluores-
cent probes in the “biological transparency window” near 800 nm
(here, NIR I) (5). This NIR I transparency window is defined by a
local minimum in the absorption spectrum of biological tissue,
bounded by hemoglobin and water absorption (Fig. 1C) at shorter
and longer wavelengths, respectively. Many commercially avail-
able probes lie within this region, including commonly used
cyanine dyes such as indocyanine green (ICG) and Cy 5.5 (6),
as well as semiconductor quantum dots (QDs) (7).

Although the traditional NIR probes outperform probes that
emit at shorter wavelengths in the visible region, the definition of
biological transparency window by absorption only leads to an
incomplete assessment of the behavior of photons in turbid med-
ia. This is because photons emitted from a source embedded in
turbid media, such as tissue, can be attenuated by both absorption
and scattering events. Depth penetration in tissue is defined as
8 = (3uq(ug +p'))~'/2, where u, is the absorption extinction
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coefficient, p,'(~A7") is the reduced scattering coefficient, and
é is the resulting penetration depth. The exponent, w, depends
on the size and concentration of scatterers in the tissue and
ranges from 0.22 to 1.68 for different tissue (Fig. 1D) (8). Because
of the relatively short wavelength of electromagnetic radiation
emitted from traditional fluorophores (450-850 nm), coupled
with the inverse wavelength of dependence of both Mie and
Rayleigh scattering, the penetration depth can be greatly affected
by the scattering nature of the tissue in question (Fig. 1D). The
effect of scattering on the effective penetration depth of tissue
has been observed experimentally (8, 9) and modeled via simula-
tion (10), with the consensus result being that the penetration
depth can be maximized at wavelengths between 1 and 1.4 pm,
called the second near-infrared window (NIR II).

Currently, there is a dearth of available fluorophores emitting
in this beneficial region. QDs (11) such as PbSe (12), PbS (13),
and CdHgTe (14) are promising candidates for imaging in the
NIR II; however, in vivo animal imaging in the NIR II region with
QDs has not been carried out thus far. As an alternative, single-
walled carbon nanotubes (SWNTs) have shown promise as fluor-
escent imaging agents in the NIR II both in vitro and in vivo
(15-18). In this work, we apply bright, biocompatible SWNTs
as NIR II fluorophores for video-rate in vivo imaging. Video-rate
fluorescent imaging of intravenously injected SWNTs allows crisp
resolution of anatomical features via the application of dynamic
contrast imaging through principal component analysis (PCA),
as first developed by Hillman and Moore using NIR I-based
fluorophores (19). Both the raw video and time-based dynamic
contrast-enhanced images are used to investigate the pathway
of SWNTs through the mouse anatomy up to 130 s postinjection
(p.i.). Finally, we perform imaging on mock tissue phantoms to
determine the effect of using an NIR II- versus an NIR I-emit-
ting fluorophore. These experimental results are backed up
by Monte Carlo simulations, showing the beneficial effects of
reduced tissue scattering on deeply embedded fluorophores emit-
ting at longer wavelengths in the NIR II region.

Results and Discussions

Video-Rate NIR Il Fluorescence Imaging of Mice. Video-rate imaging
(see Movies S1 and S2) revealed that the path through the body
for water-soluble SWNTS (length approximately 200-500 nm; see
Fig. S1 for an atomic force microscopy image) (18) coated by
PEGylated phospholipid (DSPE-mPEG) (20), as monitored by
their inherent NIR fluorescence, is similar to what is expected
for tail-vein injection (21). Following injection, the oxygen-poor
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Fig. 1. NIR Il imaging. (A) Schematic of NIR Il imaging setup.
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Anaesthetized mice are illuminated from above with 808-nm
light. NIR fluorescence (1,100-1,700 nm) is filtered and imaged
onto a 2D InGaAs array. (B) Fluorescence spectrum of biocompati-
ble DSPE-mPEG functionalized SWNTs excited at 808 nm, showing
several emission peaks spanning the NIR Il region. (C) Absorption
coefficient, u,, of water, showing the increased absorption of
water in the NIR Il compared to the NIR I. (D) Reduced scattering
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blood travels to the heart and lungs to be oxygenated before being
distributed throughout the body. This is evidenced by the high
contrast of the lung features in the mice in both back and side
views (3.5 s p.i.; Fig. 24 and E). Following this spike in intensity,
the lung contrast fades, indicating the spread of the nanotube-
rich oxygenated blood to the rest of the circulatory system. Con-
current to the loss of lung contrast is a peak in kidney contrast, as
shown in the images at 5.2 s p.i. (Fig. 2 B and F) and region of
interest (ROI) time courses (Fig. 2 I and J; see Fig. S2 for ROI
locations and raw ROI time-course measurements with animal
breathing). The increased signal at these early time points is a
result of the nanotube-rich blood passing through the highly
vascularized kidneys. Following the peak in kidney contrast,

800 900 1000 1100 1200 1300

coefficient, u4', for skin, adipose tissue and mucous tissue as derived
in ref. 8, all showing decreased scattering with increasing wave-
length.

the kidney levels decrease toward its mean signal (Fig. 2 I and
J). The one-pass circulation time of blood in a mouse was pre-
viously determined to be approximately 15 s (22). This time frame
aligns with the appearance of a steady-state signal seen in ROI
measurements in Fig. 2. During the first 15 s of imaging, the
SWNT-rich blood is distributed throughout the body. After the
first pass of SWNT-rich blood, the liver, lungs, muscle, and kid-
neys all show fairly constant signal indicating consistent blood
flow in these organs.

It should be noted that the strong signal does not necessarily
indicate SWNT accumulation and retention in organs, but could
be due to blood perfusion and microcirculation within organs, or
temporary SWNT extravasation prior to being rereleased into the

Fig.2. Video-rate imaging of SWNTs in a live mouse.
Frames from video imaging of mice injected with
SWNTs. At (A and E) 3.5 s following tail-vein injection,
the lungs are the dominant feature, corresponding to
flow of the oxygen-poor, SWNT-rich blood to the
lungs. (B and F) At 5.2 s, the SWNT-rich blood flows
through the highly vascularized kidney. (C and G)
The liver becomes apparent at 17.3 s p.i., whereas

the (D and H) spleen becomes visible at 69 s p.i.. Scale
bars in all images represent 1 cm. (/and J) Normalized
é. ROI time courses over the organs in the raw images.
> For clarity, frames where the mouse is breathing were
‘0 0.6 not included. The lungs, kidney, and liver show large
S 0.4 spikes shortly after injection (approximately 5 s) fol-
£ 1 ——Lung ——Spleen —Lung ——Spleen lowed by a return to a steady-state intensity within
o 02 I — Kidney Muscle — Kidney Muscle 20 s. The purple line in / shows the predicted time
o L. . : leell' — Brailn L Ileelr ._.Bra".] for blood to make one pass through the body, lead-
000 20 20 60 80 100 120 0 2 4 6 8 10 12 14 16 18 20 ing to a steady-state SWNT signal in the body. The
. . spleen shows a deviation from this behavior, showing
Time [sec] Time [sec] no early spike and a monotonicincrease in signal with

increasing time.
8944 | www.pnas.org/cgi/doi/10.1073/pnas.1014501108 Welsher et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014501108/-/DCSupplemental/pnas.1014501108_SI.pdf?targetid=SF2

circulating blood. It is unlikely that the signal is solely due to
SWNT accumulation and retention because the time frame of
the video-rate imaging (approximately 2 min) is much shorter
than the circulation half-life of DSPE-mPEG functionalized
SWNTs (approximately 5 h) (20). The strong kidney signal ob-
served during imaging up to approximately 2 min p.i. does not
support SWNT accumulation and retention because previous
work has shown once nanotubes are no longer circulating, the
level of SWNT accumulation in the kidneys is only approximately
1% of the injected dose per gram (approximately 1% ID/g) of
tissue (20). As a result, the peak in kidney signal is likely to
be mainly due to SWNTs circulating in the blood stream shortly
after injection. The SWNT signal in the head region in Fig. 2B is
likely due to SWNT circulation rather than accumulation in the
brain because little evidence exists that DSPE-mPEG functiona-
lized SWNTs cross the blood-brain barrier (20).

The behavior of organs in the reticuloendothelial system
(RES), mainly the liver and spleen, are of particular interest in
this study. It has been shown that clearance of SWNTs functio-
nalized by DSPE-mPEG is through the RES system, with the liver
and spleen showing uptake of approximately 35% and approxi-
mately 25% ID/g, respectively, at 1 d p.i. (20) The spleen is easily
identified in the raw images at approximately 69 s p.i. (Fig. 2 D
and H). The spleen ROI shows continuously increasing signal
over the course of the video imaging with no peak shown imme-
diately following injection, contrary to what was seen from the
lung and kidney ROIs (Fig. 2 I and J). Although the physical
meaning of this has not been fully investigated, the continual
increase in fluorescence intensity could be attributed to SWNT
extravasation or increasing microcirculation throughout the
spleen. Previous studies have shown that the splenic marginal
zone fills prior to the splenic red pulp (23). Initial signal in
the spleen could be due to filling of the marginal zone, followed
by an increase in signal as SWNT-rich blood accumulates in the
adjacent red pulp region.

The liver can be resolved in the raw images starting at approxi-
mately 17 s p.i. (Fig. 2 C and G). The liver ROI shows similar
behavior to both the lungs and kidney and does not follow the
same behavior as the spleen despite the high SWNTaccumulation
at longer times as previously observed by ex vivo biodistribution
studies (Fig. 2 I and J) (20). It is likely that the liver has not begun
to accumulate a significant amount of SWNTs at such early time
points, and the signal seen is merely a reflection of the circulation
of SWNT-rich blood through the organ.

Anatomical Resolution Through PCA. In an effort to gain further ana-
tomical resolution, PCA was applied to the time series of images
based on the intrinsic fluorescence of SWNTs in NIR II. PCA is a
common statistical processing method for compressing high-
dimensional data into a lower-dimensional form by choosing only
the highest variance components of the dataset (24). PCA is per-

formed on groups of images by considering each pixel to be an
observation that varies over the variable time. More information
about PCA is provided in the SI Text and Fig. S3.

Dynamic contrast imaging was applied to observe behavior of
organs that are not easily seen or resolved from nearby features in
the raw images. As shown by Hillman and Moore (19), dynamic
contrast imaging via PCA can be a powerful tool to achieve
anatomical resolution of major organs. During initial circulation
of a fluorophore, organ signal has the highest variation over time.
Furthermore, different organs vary differently in time because of
differences in blood volume flow rates for various organs (25),
allowing them to be distinguished when proper statistical treat-
ment is applied.

PCA of a time series of images was used as a tool to group
pixels that vary similarly in time. As pixel variation within a single
organ will be similar, PCA is able to group pixels belonging to
the same organ. By defining axes in N-dimensional space that cor-
relate to the highest variance and are mutually orthogonal, we
translated the correlated time behavior of the pixels into spatial
(in this case anatomical) resolution. Upon performing PCA ana-
lysis on the first 130 s p.i., we clearly observed four major organs
of interest (Fig. 3) because of their high, but distinct, variance in
time. In addition, we believe we were able to resolve an additional
organ, the pancreas (Fig. 3), which was largely overlapping with
and blocked by the spleen and kidney and was not clearly distin-
guishable from the video-rate imaging alone. This demonstrates
the unique ability of PCA to extract individual organ information
from seemingly nonspecific signal during imaging.

Because PCA is sensitive to large fluctuations, it is important
to confirm that features observed are not artifacts created by
breathing motions of the animal. To confirm that the breathing
motions did not have an effect on the data, PCA was also run on a
dataset where breathing frames were manually removed (see
Movie S3). Removal of breathing frames was equivalent to re-
moving approximately 1 out of every 3 s of the original video.
The results of PCA run on the edited dataset (Fig. S4) showed
similar anatomical resolution, as shown in Fig. 3. In particular,
this indicates that the pancreas signal observed is not an effect
of splenic movement during breathing.

Time-Dependent PCA. Although PCA is a terrific tool for convert-
ing time correlation into spatial resolution, it comes at the cost of
sacrificing temporal information. To get anatomical information
from a time series of images, the images are compressed into
orthogonal components. The insight of spatial resolution of
features comes at the cost of temporal resolution. In an attempt
to achieve both spatial and temporal resolution, we applied PCA
over an expanding window over the time series. In this way, the
features from the early time points (lung, kidney) are maintained,
and features that appear later (liver, spleen, pancreas) change in
appearance over different windows. This time-dependent PCA
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Fig. 3. Dynamic contrast-enhanced imaging with SWNTs through PCA. PCA images taken over the first 130 s following injection performed by taking every
150 evenly spaced frames out of the 2,000-frame dataset. Major features observed belong to the lungs, liver, kidney, and spleen. Of note is the appearance of
the pancreas in the interstitial space between the kidney and spleen (see text for details). This feature is not observable in the raw time-course images.
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analysis was done to observe the prominence and clarity of indi-
vidual organs over time (Fig. 4 and Fig. S5). In agreement with
the ROI time-course data (Fig. 2 I and J), the lung and kidneys
are the prominent features when PCA is done over the initial
time periods, as shown in the negative and combined PCA time-
course images taken over the first 30 s p.i. (Fig. 4 B and C and
Fig. S5). Over the first 50 s p.i.. (Fig. 4 4 and C and Fig. S5), the
positive and combined PCA time-course images show increasing
liver and spleen clarity as a function of time. It should be noted
that the appearance of an organ in the time-course PCA images is
an indication of high variance of those pixels in time. The appear-
ance of the organ does not necessarily indicate uptake, nor the
direction of the variance in time, be it increasing in intensity
or decreasing.

One of the powers of PCA applied in this way is the ability to
resolve features that cannot be seen from the raw images. The
negative PCA time-course images show the blue pancreas feature
becoming increasingly apparent over time (Fig. 4B and Fig. S5).
The feature first appears at 80 s p.i. and grows in size and clarity
until 130 s p.i.. This contrasts with the positive PCA time-course
images, which contain information about the RES organs (liver,
spleen) that show different temporal behavior than the pancreas
(Fig. 44 and Fig. S5). The liver and spleen show up clearly at 50 s
p.i. and increase in clarity with time. This difference in temporal
behavior is a key piece of evidence that the pancreas and spleen
features are in fact distinct. This temporal difference is further
elucidated by an ROI time course taken over the positive pixels
of the second principle component (spleen) and the negative pix-
els of the fourth principle component (pancreas) (Fig. S6).
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Fig. 4. Time-dependent PCA images of mouse anatomy with SWNTs. (A) Po-
sitive pixels of time-dependent PCA, showing the liver and spleen of the RES.
The liver and spleen show increasing clarity as a function of time. (B) Negative
pixels from time-dependent PCA showing kidney features at 30, 50, and
110 s. The pancreas appears as a blue spot above the left kidney in the
110-s image. (C) Absolute value of pixels from time-dependent PCA analysis,
showing increased clarity of liver and spleen as a function of time and a dis-
tinct blue pancreas feature at 110 s.
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Further, the combined PCA images show that the pancreas
and spleen features are spatially distinct. Careful inspection of
the combined PCA time-course images at 50 and 110 s p.i.
(Fig. 4C and Fig. S5) shows the appearance of a blue spot be-
tween the spleen and kidney features. The spatial difference,
combined with the temporal evidence discussed above, indicates
that these two features are in fact distinct. The identification of
this distinct feature was done by examining the mouse anatomy
using Living Image software (Fig. S7). The only organ between
the spleen and kidney is in fact the pancreas. The fact that the
pancreas can be resolved beneath the spleen and kidney shows
the depth penetration of the NIR Il-emitting SWNT probe
and the power of time-dependent PCA to resolve buried features.

Depth Penetration: NIR | Versus NIR II. The dynamic contrast images
shown here provide evidence that SWNTs can be a useful tool for
fast and sensitive fluorescent imaging. The contention of Hillman
and Moore (19) was that the use of an NIR I dye (ICG) was
beneficial because of the deeper tissue penetration and lower
autofluorescence in this region. We propose the NIR II-emitting
dyes may be even more useful for this type of imaging, because of
further reduction of autofluorescence (which is mostly confined
to the visible) (26-32) and deeper tissue penetration. We further
propose that the far red emission of SWNTs minimizes scattering,
which is the main culprit in the loss of image fidelity and integrity.
Whereas tissue absorption can be compensated for with higher
excitation power and/or a brighter probe, scattering of light leads
to loss of image information and is difficult to compensate or
correct by any means.

Mock tissue phantom depth penetration studies were per-
formed to investigate the effect of an absorbing and scattering
medium (Intralipid®) on emitters in the NIR I (ICG) and
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Fig. 5. Tissue phantom study of the depth penetration of SWNTs and ICG.
(A) Fluorescence images of capillaries of SWNTs (NIR 1I) and ICG (NIR 1) at
depths of 0, 3, and 5 mm in Intralipid® excited at 785 nm. The SWNT sample
shows less feature spread than that of the ICG sample. Scale bars represent
1.5 cm. (B) Feature width of SWNT and ICG capillary images as a function of
depth in Intralipid®, showing increased loss of feature integrity for the NIR I-
emitting ICG compared to the NIR Il-emitting SWNT. Control experiments
performed in water show no change in feature size for both ICG and SWNT.
Error bars are derived from the uncertainty in the fitting of feature width. (C)
Intensity decay of ICG and SWNT as a function of depth in Intralipid® and
water. Despite the greater absorption of water in NIR Il, the decay of signal
in the Intralipid® phantom is similar for both ICG and SWNT, showing expo-
nential decay depths of 1.04 + 0.04 and 0.97 + 0.03 mm respectively.
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NIR II (SWNT) (Fig. 5). With increased depth, there is a qua-
litative and quantitative loss of image clarity and broadening
of feature width. This is a direct result of the increased scattering
as function of wavelength, which for Intralipid® is governed (33)
by ~1~%4. Experimental studies have shown that most tissue fol-
lows the scattering behavior to varying degrees, with skin showing
very high wavelength dependence (Fig. 1D) (8, 9). Intralipid® is
known to have similar scattering properties and was chosen for
this reason (9).

The measured intensity profiles versus depth for NIR I and
NIR II fluorophores were quite similar (Fig. 5c¢). This indicates
that the depth penetration, as defined as a combination of both
absorption and scattering, and measured as the surviving intensity
of light, is similar in both cases (4). Fitting an exponential func-
tion to these curves gives a characteristic depth penetration of
1.04 £ 0.04 and 0.97 & 0.03 mm for ICG and SWNT respectively.
The close similarity is due to the fact that for the NIR II emitter,
the increased absorbance in water relative to the NIR I emitter,
is compensated by a decreased scattering probability. This
scattering effect is evidenced by the fact that the spread in the
image increases significantly as a function of tissue depth and
is more pronounced in the NIR I region than in the NIR II region
(Fig. 5 A and B). Because of the inverse wavelength dependence
of scattering (~1%* for Intralipid®), the NIR I region is charac-
terized by higher albedo (i.e., high percentage of extinction due
to scattering), and the loss of signal is correlated with a loss of
feature contrast. The loss of image information is a direct result
of a higher frequency of scattering events encountered by photons
as they travel through turbid media. The scattering changes both
the position and direction with which light leaves the medium re-
lative to its starting trajectory, leading to a larger spread in the
image features and confusion of feature information. The NIR II
is a region of lower albedo, where the extinction is mainly domi-
nated by absorption of water. In this region, the frequency of scat-
tering events is lower, leading to better maintenance of feature
information. Control experiments performed in a nonscattering
medium (water; Fig. 5B) show no spread of feature width with
increasing depth. The loss of image integrity at shorter wave-
lengths is also observed in Monte Carlo simulations on a point
source emitter (Figs. S8 and S9), using water and Intralipid®
as the major factors for absorption and scattering, respectively.
Despite the simple nature of the simulation, representing a single
point rather than a macroscopic object, the qualitative trend is
the same, with the NIR I showing greater loss of feature integrity
with increasing depth. It should be noted that the extinction by an
absorption event can be compensated for, especially in situations
where the signal to background ratio is high (i.e., low autofluor-
escence, as in the NIR II), whereas a scattering event leads to
confusion of the initial feature information including broadened
feature sizes.

SWNTSs show promise as an NIR II emitter for imaging in the
low albedo domain. The NIR II region is not only characterized
by low scattering, but also by low autofluorescence (26). This ben-
efit is further enhanced by a large Stokes shift between emission
and excitation resonances [>300 nm; see Fig. S10 for photolumi-
nescence excitation/emission (PLE) spectrum], leading to further
suppression of endogenous autofluorescence (18, 34). One issue
is that the relatively low quantum yield (QY) of SWNTs may limit
its future applications. Recent studies using separation and sur-
face modification have led to somewhat enhanced QY (35, 36),
but further work needs to be done to apply these nanotubes to
biological imaging. The development of new, brighter emitters
such as semiconductor QDs and organic fluorophores in the
NIR II will make exploitation of this advantageous region even
more fruitful.
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Conclusion

We have shown that SWNTs are useful fluorophores in the low
albedo NIR II region. These fluorophores are bright enough to
be imaged deep inside mice at high frame rate without excessive
excitation power. Dynamic information from the raw images and
ROI time courses, along with time-dependent PCA analysis, in-
dicated that the circulation pathway of tail-vein-injected SWNT5s
is from lungs to kidneys, followed by circulation in organs belong-
ing to the RES system, represented in this work by the liver and
spleen. PCA was also able to resolve the pancreas, which is buried
beneath the spleen and kidney and was not observable in the raw
time-course images.

We have also shown that the NIR II emission window shows
inherent advantages over the more commonly used NIR I win-
dow. Because of the lower albedo in this range, image contrast
and feature sizes are better preserved with increased tissue thick-
ness while low endogenous autofluorescence allows for easy dis-
crimination between signal and background. This low background
also allows for increased excitation power to compensate for
absorption of water and further increase the advantage of the
NIR II window.

Because of the low background and low scattering, high ana-
tomical resolution is possible in the NIR II region using PCA-
based dynamic contrast imaging. This dynamic contrast imaging
may allow for many future applications, including the identifica-
tion of tumors due to the differential blood flow rate of leaky
tumor vessels. Furthermore, PCA imaging with high spatial reso-
lution may be able to diagnose diseases that affect the size and
shape of organs without the need for radioactive tags or MRI.

Methods

Complete methods can be found in S/ Text.

Preparation of Biocompatible SWNT Fluorophores with High Relative QY. The
preparation of brightly fluorescent exchanged-SWNTs with high biocompat-
ibility can be found in detail in ref. 18 by using a surfactant exchange method
to minimize damage to SWNTs. A fluorescence emission spectrum of the re-
sulting SWNTs with DSPE-mPEG coating at 808-nm excitation is shown in
Fig. 1B. A PLE spectrum of the DSPE-mPEG SWNTs can be found in Fig. S10.

Video-Rate NIR Il Imaging. Video-rate imaging was performed on a homebuilt
setup consisting of a 2D InGaAs array (Princeton Instruments). The geometry
of the imaging setup is shown in Fig. 1A. The excitation light was provided by
a fiber-coupled 808-nm diode laser (RMPC Lasers), chosen to overlap with
the traditional biological transparency window. The light was collimated
by a 4.5-mm focal length collimator (ThorLabs) and filtered to remove un-
wanted radiation in the emission range. The excitation spot was a circle with
a diameter of approximately 6 cm. The excitation power at the imaging plane
was approximately 5 W, leading to power density of approximately
140 mW/cm?. Emitted light was passed through a 1,100-nm longpass filter
(ThorLabs FEL1100) and focused onto the detector by a lens pair consisting of
two NIR achromats (200 and 75 mm; Thorlabs). The 1,100-nm longpass filter
was chosen to select the majority of the wavelength emission, while rejecting
autofluorescence that may occur near the excitation band. The camera was
set to expose continuously and images were acquired with LabVIEW software
at highest possible frame rate. The exposure time for all images shown is
50 ms. There was a 19-ms overhead in the readout, leading to an average
time of 69 ms between consecutive frames. Two thousand consecutive frames
were collected, leading to a total imaging time of 2 min and 18 s. For ima-
ging, five female athymic nude mice were used, and results shown are repre-
sentative. The ideal concentration for injection and video-rate imaging was
determined to be 200 pL of approximately 500-nM SWNT solution (optical
density ~4 at 808 nm) (37).

Mouse Handling and Injection. Female athymic nude mice were obtained from
Harlan Sprague Dawley. All experiments were in accordance with Institu-
tional Animal Care and Use Committee protocols. For SWNT injection, a
30-gauge catheter was inserted into the lateral tail vein, allowing for bolus
injection during the first frames of imaging.

Dynamic Contrast-Enhanced Images. Dynamic contrast-enhanced images were
obtained in a similar fashion to the seminal work by Hillman and Moore (19).
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All 2,000 video frames were loaded into an array using MATLAB software,
and the princomp function was used to perform PCA. PCA was performed
using 150 frames evenly spaced over the entire dataset. For “positive”
images, the positive pixels for second, third, and fourth principal components
were assigned red, green, and blue, respectively, and overlaid. For “nega-
tive” images, the negative pixels for second, third, and fourth principal com-
ponents were assigned red, green, and blue, respectively, and overlaid. For
“combined” images, the absolute value of the principal component scores
were used. The construction of PCA images is shown in Fig. S3. Time-based
dynamic contrast images were obtained by performing PCA over different
periods of time. To conserve computing power, each time period was broken
into 150 frames. For example, the 10-s dynamic contrast images were taken
by performing PCA on the first 150 frames of the video. For the 30-s dynamic
contrast images, PCA was performed over the first 450 frames, selecting every
third frame.

Tissue Phantom Depth Penetration Study. Intralipid® was chosen as a mock
tissue because of its similar scattering properties (9, 10, 33, 38). A stock of
20% Intralipid® was diluted to make a 1% solution. Glass capillary tubes
were filled with either SWNT or ICG solutions to act as mock fluorescent
features. The bottom portion of capillary tubes was wrapped in black tape,
leaving only a small portion on the top available for imaging. The capillaries
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were placed in a cylindrical dish and covered with different volumes of 1%
Intralipid®. The depth of the capillary was calculated from the known area of
the dish. Taping of the capillary tube improved depth measurements, as the
depth was calculated from the exposed, fairly level portion of the capillary
tube. Excitation was provided by a 785-nm diode laser (Renishaw) coupled to
a 900-um core optical fiber. Emitted light was filtered through an 850-nm
longpass filter (Thorlabs FEL850) and imaged on the 2D InGaAs array de-
scribed above. To obtain depth penetration information, average intensity
was taken from the same ROI at various depths and plotted as a relative
intensity for each probe. Plots of relative intensity for each probe prevent
differences in probe QYs and extinction coefficients from affecting the com-
parison. To determine feature width, linear cross-sections were taken from
the images and fit to Gaussians using Origin’s built-in curve fitting. Linear
cross-sections taken from images, shown in Fig. S11, confirm that signal
spreading is not due to phantom geometry or wavelength-dependent light
interaction with the surface of the dish.
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