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ABSTRACT In this study, we aimed to use gold nanorods (Au-NRs) as luminescent substrates for labeling of

the mouse intestinal blood vessels for tissue imaging. The labeled intestine was subjected to 3-D confocal

microscopy to reveal the intricate morphology of the intestinal capillaries. Using the Au-NR’s unique near-infrared

excitation and visible fluorescence emission, we observed low noise background compared to the tissue’s high

autofluorescence from blue laser excitation. We took advantage of this sharp contrast in optical properties to

achieve 3-D visualization of the intestinal microstructure and vasculature with capillary-level resolution. This new

optical application demonstrates the Au-NR’s distinctive properties in vascular labeling and fluorescence

microscopy for 3-D illustration of intestinal vasculature.

KEYWORDS: 3-D confocal microscopy - gold nanorods - intestinal vascular
imaging - optical imaging - photoluminescence

*Address correspondence to
hytuan@che.nthu.edu.tw.

Received for review August 25, 2010
and accepted September 24, 2010.

Published online October 1, 2010.
10.1021/nn102157a

© 2010 American Chemical Society

old nanorods (Au-NRs) have re-

cently emerged as effective lumi-

nescent particles for
bioimaging.' ¢ Compared with conven-
tional organic dyes, Au-NRs possess a highly
efficient absorption at the near-infrared
wavelengths, emit visible wavelength fluo-
rescence under multiple photon excitation,
and experience minimal, if any, photo-
bleaching during laser excitation.”® When
applied as the fluorophores in two-photon
microscopy, for instance, Au-NRs can emit
bright two-photon-induced visible light due
to their large two-photon action cross sec-
tions (>2000 Goeppert—Mayer units in
comparison to 1—300 units for organic flu-
orophores) and longitudinal plasmon reso-
nances.” Moreover, the long-wavelength la-
ser excitation in two-photon imaging
reduces Rayleigh scattering, thus facilitat-
ing photon penetration in biological tissues
for deep-tissue microscopy.'® However, to
date, Au-NRs have only been used in planar
imaging to label the cellular monolayers at
tissue culture surfaces,”'"'2 which do not
have the three-dimensional (3-D) tissue
structure to fully demonstrate the proper-
ties of Au-NRs in optical imaging.
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In this research, we applied Au-NRs in
mouse vascular labeling to reveal the 3-D
capillary structure of the small intestine. We
aimed to use the Au-NR-mediated near-
infrared confocal microscopy to visualize
the intricate morphology of the intestinal
vasculature. The intestinal microvessels play
a central role in nutrient absorption and im-
mune response against infections.”>'* In
cancer development, the abnormal vascu-
lar morphology derived from angiogenesis
is a trait of tumor progression.'> Although
detailed analysis of the vascular network is
greatly needed in basic and clinical re-
search, visualization of the gastrointestinal
vasculature is often limited by the spatial
resolution of the imaging tools.

Among the available imaging technolo-
gies, noninvasive magnetic resonance im-
aging (MRI) can image deep into the tissue
and provide 3-D information; however, the
resolution is too low to observe the vascu-
lar and capillary structure at the cellular
level.'® With respect to routine histochemi-
cal staining and microscopy, the
microtome-based 2-D tissue analysis allows
micrometer-level resolution but confines
the view at a specific cut plane."” In addi-
tion, the distortions and artifacts caused by
microtome slicing as well as the disconnec-
tion between sectioned tissues prevent a
global view of the vascular network. To
date, detailed morphologic analysis of the
intestinal microcirculation depends on vas-
cular corrosion casts. However, this method
strips away the mucosa for scanning elec-
tron microscopy (SEM), thus rendering it in-
capable of providing an integrated visual-
ization of the vasculature with its
surrounding tissues.'>'8

New advances in 3-D optical methods
and the Au-NR-mediated vascular labeling
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Figure 1. (A) Gross view of the dark-brown Au-NRs in the flask. (B,C) TEM image and absorption spectrum of the as-synthesized Au-NRs,
showing their specific aspect ratio and the peaks of absorbance, respectively. (D) lllustration of the Au rod structure with CTAB molecules
coated on the surface. (E) Transcardiac perfusion of Au-NRs into the mouse circulatory system. A needle was used to pierce the left ven-
tricle and then enter the aorta ascendens, where it was clamped by a hemostat, to deliver Au-NRs through a peristaltic pump. (F) Sche-
matic of 3-D confocal microscopy and image rendering of the acquired optical stack for stereoprojection of the scanned intestinal

structure.

provide the tools to build the vascular diagram with
the associated mucosal structure. First, the process of
optical clearing—application of immersion solution to
reduce random scattering as light travels across
media—generates transparent intestine by minimizing
refractive mismatch between the tissue constitutes (re-
fractive index at ~1.46) and fluids (water has a lower re-
fractive index at 1.33)."°~22 This allows direct visualiza-
tion of the interior domain of the mucosa and
submucosa via optical microscopy.?® Second, in this re-
search, we discovered that the perfusion (fill-in) label-
ing of the mouse blood vessels with Au-NRs was com-
patible with the optical-clearing process to generate
transparent gut tissues for 3-D microscopy. Panoramas
of the mouse intestinal vasculature and our use of the
Au-NR labeling to facilitate 3-D capillary microscopy are
presented in this report.

RESULTS AND DISCUSSION

Unlike small-area cellular labeling, mouse vascular
labeling requires a substantial amount of Au-NRs for
perfusion. Therefore, we devised a two-step process in-
volving Ag(l)-assisted, seed-mediated growth of gold
to produce Au-NRs at the subgram level to provide suf-
ficient substrates for perfusion labeling.?*~2°

Figure 1A shows a representative batch of the as-
synthesized, dark-brown Au-NRs. The structural and op-
tical properties were confirmed by the transmission
electron micrograph (TEM) (Figure 1B) and the absorp-
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tion spectrum (Figure 1C), respectively. Specifically, the
Au-NRs had an average aspect ratio of 3.8 = 0.4 and car-
ried a longitudinal plasmon mode centered at ~780
nm. In addition, the ratio of the peak absorbance—the
intensity of the maximum longitudinal plasmon band
divided by that of the maximum transverse plasmon
band—was ~3, indicating a dominant population of
nanorods, relative to nanospheres, in the solution. An il-
lustration of the Au-NR crystal coated with the CTAB
surfactant molecules (which were derived from the syn-
thesis reaction) is shown in Figure 1D.

Next, we used the Au-NRs in mouse transcardiac per-
fusion to label of the small intestinal vasculature for tis-
sue imaging (Figure 1E).?”?® We specifically targeted
the intestinal microstructure and vasculature for visual-
ization, which was based on our previous experience
using a microtome-free, 3-D confocal imaging method
for examination of mouse intestine (Figure 1F).23

In addition, Figure 2A shows the serosal domain of
the mouse intestine with Au-NR-labeled vasculature.
The electron micrograph of the perfused blood vessel
is shown in Figure 2B, in which the lumen is filled with
Au-NRs and the endothelial lining is attached with the
nanorods.

To visualize the Au-NR-labeled vasculature in the
mouse intestine, we applied optical clearing to gener-
ate transparent specimens to promote photon penetra-
tion in the tissue. This step was essential for deep-
tissue fluorescence detection of Au-NRs. It facilitated
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Figure 2. (A) Serosal domain of the mouse intestine with Au-NR-labeled vasculature. The vascular networks turned dark-brown (the color
of Au-NRs) after the transcardiac perfusion. (B) TEM images of the perfused duodenum, revealing that the lumen of the intestinal blood
vessel is filled with Au-NRs (bar = 1.7 pum) and the endothelial lining is attached with the nanorods (inset, bar = 125 nm). (C) Segments
of the Au-NR-perfused duodenum immersed in saline (left, control) and the optical-clearing solution (right). Particularly, the optical-
clearing immersion promoted photon penetration, rendering a transparent intestine. (D—F) Transmitted light micrographs of the Au-NR-
labeled duodenal specimens immersed in saline (D, control) and the optical-clearing solution (E and F). (D,E) Serosal domain. (F) Lumi-
nal domain. The arrows in (F) indicate the labeled villus capillaries. Bar = 50 pm.

the travel of the emitted visible spectrum fluorescence  Specifically, panels E and F of Figure 2 show the Au-NR-
(470—740 nm, induced by the 770 nm laser excitation) labeled vasculature in the serosal domain (around the

(optimization of the imaging parameters is shown in crypts) and the villi, respectively.

the Supporting Information, Figure S1) with reduced We next used confocal microscopy to visualize the
scattering in the media.?® Figure 2C compares the gross  Au-NR-labeled intestinal vasculature. Figure 3 shows
views of the opaque and the transparent gut tissues. the cross sections of the mouse duodenum, in which
The transmitted light micrographs of the opaque and the intestinal lumen as well as the villi and crypts can
the optical-cleared tissues are shown in Figure 2D—F. be seen in both sets of gross images. Specifically, Fig-
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Figure 3. Gross views of the Au-NR-labeled intestinal vasculature. Cross sections of the mouse duodenum examined under
30% and 50x magnifications to reveal the Au-NR-labeled vasculature (green) and the tissue structure (red). (A,D) Duodenal
vasculature revealed by Au-NRs’ fluorescence. (B,E) Duodenal microstructure revealed by the tissue’s autofluorescence. (C,F)

Merged displays of the two signals. Bar = 500 pm.

ure 3A,D shows the fluorescent signals of the perfused
Au-NRs; panels B and E show the autofluorescence from
the tissue structure (excitation = 488 nm/detector’s
bandwidth = 493—740 nm), and panels C and F are
the merged presentation of the two signals. We used
Figure 3B,E as the control to demonstrate the strong, in-
trinsic fluorescence background from the mouse intes-
tine when the 488 nm blue laser was used as the exci-
tation source. By contrast, when the 770 nm near-
infrared laser was used to reveal the Au-NR-labeled
vasculature, we were able to avoid the autofluores-
cence from the intestinal tissue and generate clear sig-
nals to visualize the embedded blood vessels (Figure
3AD).

The low noise background of the Au-NRs’ fluores-
cence imaging can be attributed to two factors. First,
biological tissues have low photon absorption at the in-
frared spectrum, in comparison to that at the visible
spectrum, to induce the autofluorescence.?® The intes-
tine thus generated less autofluorescence at the 770
nm excitation to interfere with Au-NRs' signals. Second,
because autofluorescence usually has longer wave-
lengths compared with the excitation wavelength (the
Stokes shift), the unique upconversion-like photolumi-
nescence of Au-NRs avoids the long-wavelength auto-
fluorescence by allowing signal detection at the visible
range (470—740 nm).3%3

Next, we zoomed in to visualize the villus microvas-
culature with high definition. Figure 4A—D and Video
S1 (Supporting Information) present an imaging path
with the focal plane (X/Y plane) in parallel with the
villus-crypt axis and the focal depth following the longi-
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tudinal direction (Z-axis), which provided a continuous
flow of information for microscopic inspection. The
sharp contrast between Au-NR-labeled vasculature and
the surrounding microstructure, revealed by the 770
and 488 nm excitations, respectively, provided a new
approach to examine the intestinal microstructure and
vasculature simultaneously. Furthermore, unlike the
conventional microtome-based 2-D tissue analysis, the
3-D optical method was noninvasive to the tissue struc-
ture, thus rendering it capable of examining a region
of the gut mucosa in situ.

By taking advantage of voxel-based confocal micro-
graphs, we were able to digitally process the acquired
image stack to present the interior as well as the surface
details of the imaged tissue structures. Figure 4E shows
the high-resolution, 3-D projection of the villus micro-
structure, derived from the image stack shown in Video
S1.In order to reveal the Au-NR-labeled microvascula-
ture in the villi, in Figure 4F, we digitally subtracted a
cuboid from the scanned region (via the volume-
editing function of Amira image reconstruction soft-
ware) to expose the interior domain of the villus
structure.

In addition, we created a composite image gallery
by adding the orthogonal slices (Figure 4G) to the 3-D
vascular projection (Figure 4H). This allowed a detailed
examination of the microstructure and Au-NR-labeled
vasculature in the interior domain of the scanned re-
gion. Video S2 is a continuous display of the projection
gallery. The 360° panoramic presentation of Figure 4H is
shown in Video S3 in the Supporting Information. The
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150X 2D cross sections of the villi (the focal path followed the Z-axis)
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Figure 4. High-resolution, 3-D microscopy of the Au-NR-labeled villus microvasculature. (A—D) Confocal micrographs at different focal
depths of the duodenal specimen reveal the villus microstructure (gray) and vasculature (green). The 2-D micrographs were projected in
a 3-D box to illustrate the focal depth. The serial optical sections of the imaged region are shown in Video S1 in the Supporting Informa-
tion. Dimensions of the scanned volume: 563 pm (X) X 563 pm (Y) X 255 um (Z, the focal depth). (E,F) Three-dimensional projections
of the villus microstructure and the Au-NR-labeled vasculature. Panel F was derived by digitally subtracting a cuboid of the autofluores-
cence from panel E to reveal the embedded vasculature. (G) Orthogonal view of the image stack illustrates the vasculature in the inte-
rior domain of the villi. Four planes at the X/Y, X/Z, and Y/Z (two) domains were used in the projection. (H) Merged projection of the Au-
NR-labeled vasculature and the orthogonal planes shown in panel G. Video S2 in the Supporting Information provides a continuous
display of panel H following the increment of the focal depth. A 360° panoramic presentation of panel H is shown in Video S3 in the Sup-
porting Information.

additional high-resolution, 3-D projections of the
duodenal microstructure and vasculature are presented
in Figure S2 in the Supporting Information.

It should be noted that, in this research, the Au-NR
labeling and optical clearing of the intestinal tissue (Fig-
ure 2) were performed on the deceased animals. Par-
ticularly, the process of optical clearing led to reduced
light scattering, thereby improving the penetration of
Au-NRs' visible fluorescence in the tissue. This allowed
us to acquire higher resolution as well as 3-D images of
the vascular structure in comparison to the previous
work of in vivo imaging of Au-NRs in the blood vessels."
However, because the labeling, clearing, and imaging
processes were all performed on the tissues of the de-
ceased animals, or in vitro, the ability to carry out longi-
tudinal examinations was limited to a single time point.
By contrast, the resolution of the in vivo Au-NR imag-
ing was limited due to light scattering, yet the key fea-

METHODS

Synthesis and Characterization of Gold Nanorods. Ag(l)-assisted,
seed-mediated growth of gold was applied to produce Au-NRs
with a modified version.>*2° To prepare the seed solution, the
aqueous HAuCl, - 3H,0 (0.01 M, 0.25 mL) was added to the re-
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ture remains in that it can provide real-time as well as
longitudinal imaging data.

CONCLUSION

This research demonstrated for the first time that
Au-NRs can be used in 3-D microscopic tissue imaging
for characterization of the mouse vasculature. We ap-
plied transcardiac perfusion of the CTAB-coated Au-NRs
to label the intestinal blood vessels for fluorescence im-
aging. Using the unique photoluminescence of Au-NRs
(near-infrared excitation and visible fluorescence emis-
sion), we imaged the intestinal vasculature by 3-D con-
focal microscopy with efficient fluoresce excitation and
emission in the optical-cleared specimen. This imaging
approach, based on Au-NRs’ unique optical properties,
perfusion labeling, and 3-D confocal microscopy, per-
mits us to change our conventional planar view of the
tissue structure into a 3-D panorama for better charac-
terization of the vascular/capillary network.

crystallized, iodide-free hexadecylcetyltrimethylammonium bro-
mide solution (CTAB, 0.01 M, 9.75 mL) in a water bath maintained
at 30 °C. When the color of the solution appeared bright yellow-
brown, an aqueous, ice-cold sodium borohydride solution

(NaBH,, 0.01 M, 6 mL) was slowly added for reaction. The result-
ing mixture was stirred vigorously and aged for 2 h to form the

www.acsnano.org



gold seeds. Meanwhile, the growth solution was prepared by
adding CTAB (0.10 M, 95 mL), HAuCl, - 3H,0 (0.01 M, 5 mL), and
AgNO; (0.01 M, 0.95 mL) solutions sequentially into a flask with
vigorous stirring. Finally, Au-NRs (~0.1 g/batch) were produced
by sequential addition of ascorbic acid (0.1 M, 0.55 mL) and seed
solution (0.12 mL) to the growth solution with gentle mixing
for 12 h.

Absorption spectra of the solutions were taken on a U3300
Scan UV—vis—NIR spectrophotometer. TEM images were ob-
tained with a Hitachi H-7100. The TEM grids were prepared as fol-
lows: Typically 20 mL of the solution was centrifuged for 14 min
at a speed of 5000 rpm to precipitate the solid. The colorless su-
pernatant was discarded. The solid residue was redispersed in
DI water and centrifuged again. Finally, the solid residue was dis-
persed in a suitable volume of DI water depending on the quan-
tity of the residue. A total of 7 L of this solution was dropcast
on the TEM grid and allowed to dry in the vacuum oven at 40 °C.

Animal. Duodena harvested from the female wild-type BALB/c
mice (~20—25 g) (obtained from BioLASCO Taiwan Co, Ltd.,
Taipei, Taiwan) were used to acquire gross views and high-
resolution images of the intestinal microstructure and vascula-
ture. Overall, six mice were used to generate representative im-
ages. The care of the animals was consistent with Guidelines for
Animal Experiments, National Tsing Hua University, Taiwan.

Preparation of Duodenal Specimens. Mouse duodena were fixed by
paraformaldehyde perfusion and then labeled by Au-NR perfu-
sion prior to being harvested for examination (the step-by-step
description is provided in the Supporting Information). Once har-
vested, duodena were flushed with cold Hank’s balanced salt so-
lution with 0.4 mol/L N-acetyl-L-cysteine and then phosphate-
buffered saline (PBS) to remove the luminal contents. Afterward,
the tissues were fixed with paraformaldehyde (4%) for one addi-
tional hour and then permeabilized with Triton X-100 (2%) over-
night. The labeled specimens were immersed in the FocusClear
solution (CelExplorer, Hsinchu, Taiwan) for optical clearing be-
fore being imaged via confocal microscopy.

Image Acquisition. Optical imaging of the intestinal specimens
was performed with a Zeiss LSM 710 confocal microscope (Carl
Zeiss, Jena, Germany) equipped with objectives of 5X and 10X
“Fluar” lenses to acquire gross views and 25X LD “Plan-
Apochromat” glycerine immersion lenses to acquire high-
resolution images. The Au-NR-labeled blood vessels were ex-
cited with a Mai Tai laser (Newport Corporation, Irvine, CA) tuned
at 770 nm to induce fluorescence in the visible spectrum. In the
meantime, a 488 nm argon laser was used to induce autofluores-
cence from the specimen to outline the tissue structure. The
scanning process was operated under the “multi-track” mode
with the detector bandwidths set at 470—740 and 493—740 nm
to collect the signals from Au-NRs and the autofluorescence, re-
spectively. The increment of the Z-axis optical section was 2.5
pm when the 25X objective lenses were used to acquire high-
resolution images for 3-D projection. The micrographs were re-
corded with 1024 X 1024 pixels of the X/Y plane. The pixel inten-
sity was set to be the mean of four scans, and the value ranged
from 0 to 4095 (12-bit data).

The labeling of the intestinal vasculature was also examined
by TEM. In this analysis, the fixed duodenal sample was first dis-
sected into small cubes (~1 mm?3) and then subjected to serial
ethanol dehydration before embedding in the Spurr’s resin. The
tissue blocks were sectioned with ultramicrotome (Leica EM UC6,
Bannockburn, IL) to obtain ultrathin sections of ~90 nm in thick-
ness. The sections were then stained with 1% uranyl acetate
and lead citrate prior to being imaged by TEM using a Hitachi
H-7500 model (Tokyo, Japan) at 100 kV.

3-D Image Processing and Projection. The Zen 2009 software (Carl
Zeiss) and the Amira 4.1.2 image reconstruction software (Mer-
cury, Chelmsford, MA) were used for the 3-D projection and
analysis of the confocal micrographs. The LSM confocal image
data were uploaded into the Amira software, which was oper-
ated under a Dell T5400 workstation with a Linux operation sys-
tem. In Videos S1 and S2 (Supporting Information), the image
stacks were displayed using the “Ortho Slice” function, and the
videos were made via the “Movie Maker” function with the in-
crease in display time in association with the depth of the opti-
cal section. In Figure 4E,F,H and Video S3, the “Voltex” module of
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Amira was used to project the image stacks. In Figure 4F, the
“Volume Editing” function was used to subtract a cuboid from
the scanned volume to expose the interior domain of the speci-
men for visualization. In Video S3, the “Camera Rotation” func-
tion was used to adjust the projection angles of the 3-D images.
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