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Recent advances in three-dimensional (3D) tissue engineering have concomitantly generated a need for new
methods to visualize and assess the tissue. In particular, methods for imaging intact volumes of whole tissue,
rather than a single plane, are required. Herein, we describe the use of multiphoton microscopy, combined with
optical clearing, to noninvasively probe decellularized lung extracellular matrix scaffolds and decellularized,
tissue-engineered blood vessels. We also evaluate recellularized lung tissue scaffolds. In addition to nonde-
structive imaging of tissue volumes greater than 4 mm®, the lung tissue can be visualized using three distinct
signals, combined or singly, that allow for simple separation of cells and different components of the extra-
cellular matrix. Because the 3D volumes are not reconstructions, they do not require registration algorithms to
generate digital volumes, and maintenance of isotropic resolution is not required when acquiring stacks of
images. Once a virtual volume of tissue is generated, structures that have innate 3D features, such as the lumens
of vessels and airways, are easily animated and explored in all dimensions. In blood vessels, individual collagen
fibers can be visualized at the micron scale and their alignment assessed at various depths through the tissue,
potentially providing some nondestructive measure of vessel integrity and mechanics. Finally, both the lungs
and vessels assayed here were optically cleared, imaged, and visualized in a matter of hours, such that the added
benefits of these techniques can be achieved with little more hassle or processing time than that associated with

traditional histological methods.

Introduction

ARDIOVASCULAR SYSTEM DISEASES account for nearly 1

million deaths per year in the United States, and aging
demographics portend that this problem will only expand in
the future. Likewise, lung disease is now the third largest
killer of Americans." While lung transplant is the only cu-
rative solution for end-stage lung disease, it is severely
hindered by lack of available tissue and poor outcomes 10
years postoperative.” Available vascular interventions suffer
from stenosis, occlusion, and infection.® Tissue engineering/
regenerative medicine approaches that can reconstruct func-
tional healthy cardiovascular, pulmonary, or other tissues
and organs would have a major impact on the health of the
population. As regenerative medicine advances, tissue-
engineered replacements and tissue-engineered constructs
will continue to grow in structural complexity.>* As such,
successful construction of such three-dimensional (3D) tis-
sues and organs is only possible if the tissue engineer has a

clear picture of all the individual components: cells, extra-
cellular matrix, scaffold, and the biochemical and mechano-
biological modulators of tissue growth that coordinate the
structural and biological elements.

Currently, the standard method to identify structural cell—
matrix relationships, cell-matrix integration, and tissue re-
generation is via microtome sections (typically 5 um thick)
of a 3D engineered construct that may be many millime-
ters to several centimeters thick. Analyzing a handful of
stained two-dimensional (2D) sections from a given sample
may not provide sufficient information for evaluating 3D
structures. For example, understanding changes in fibril
orientation throughout an engineered vessel or observing the
distribution of seeded cells throughout a 3D construct can be
difficult and requires extrapolation. Visualizing entire con-
structs, as opposed to just a few sections, can also increase
statistical significance of cell distribution measurements and
reveal spatial inhomogeneity that might otherwise be mis-
sed. Although efforts have been made to reconstruct serial
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sections into 3D volumes, the process is computationally
intensive, requires the laborious cutting, staining, and im-
aging of the entire sample, and is prone to suffer from
cutting distortions and imperfect reconstruction.’ Further-
more, the entire sample must be processed to generate the
3D volume, leaving no remaining tissue for follow-up
studies with specialized stains or immunohistochemistry.
The field has not been able to image intact tissue-engineered
constructs at depths of hundreds of microns beyond the
surface of the tissue to provide an easily achieved global
view of the tissue en%ineered organ while maintaining
subcellular resolution.®”

Laser scanning fluorescence microscopies, such as con-
focal or multiphoton microscopy (MPM), have the potential
to circumvent these problems, providing high-resolution 3D
image stacks with a large arsenal of fluorescent dyes
available for staining. A significant advantage of MPM over
standard wide-field and confocal microscopy is that it gives
ready access to intrinsic signals, reducing the need for ex-
trinsic dyes and in some cases obviating their use altogether.
Intrinsic fluorescence, or autofluorescence, is usually con-
sidered background in conventional fluorescence micros-
copy. In the context of MPM, however, autofluorescence
can, in fact, provide useful morphological detail. Sources of
intrinsic fluorescence include NADH in cells and elastin and
collagen in the extracellular matrix, as well as formalin-
induced fluorescence. In addition, MPM can easily be ex-
tended to visualize second harmonic generation (SHG) from
fibrillar collagen, which produces an exceptionally strong
SHG signal. As a natural extension of MPM, SHG only
requires appropriate filter selection and the use of trans-
mitted light collection optics. However, even with these
modalities, the use of fluorescence microscopy suffers from
light scattering in most tissues that ultimately limits the
imaging depth to less than ~ 100 pm in fixed tissue.

Previous work in our laboratory’~'! used optical clearing,
in which scattering of light in fixed tissue is drastically re-
duced by replacing water with a higher-refractive-index
solvent, in combination with MPM to obtain large 3D image
stacks from adult mouse organs with subcellular detail. A
renewed interest in optical clearing has led to the discovery
of new clearing chemicals and better compatibility of con-
ventional protocols with exogenous fluorophores and addi-
tional imaging techniques.>'*'> The use of optical clearing
with a 1:2 ratio of benzyl alcohol to benzyl benzoate
(BABB), for example, enables imaging to depths greater
than 2mm below the surface of tissue. Detailed tissue
morphology was observed using only intrinsic fluorescence
signals and SHG from fibrillar collagen. The use of MPM on
cleared tissue is nondestructive, enabling the preservation of
tissue postimaging for follow-up studies, including routine
histology and immunohistochemistry.'®-'!-1¢

Herein, we demonstrate the use of optical clearing via
BABB and the use of MPM to visualize both a whole decel-
lularized and recellularized lung extracellular matrix scaffold
and a decellularized tissue-engineered vascular conduit. We
demonstrate imaging of the lung construct using intrinsically
fluorescent collagen to visualize the intricate network of
branching structures that make up the extracellular matrix
scaffold. The use of fluorescently labeled cells also allows
visualization of cells within the matrix. Three-dimensional
imaging of the tissue-engineered vessel demonstrates the
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collagen alignment within bioreactor-grown vessels using
SHG imaging on unstained tissue. In addition, we report an
expedited 10-min BABB clearing protocol for decellularized
tissue-engineered vessels and a total processing time for MPM
imaging of only a few hours. Therefore, in a span of time
comparable to the production of and analysis with frozen
sections, a more complete spatial survey of the tissue can be
achieved. Postimaging, both the lung and tissue-engineered
vascular conduit were sectioned and examined via conven-
tional hematoxylin and eosin (H&E) histology. Both histology
and scanning electron microscopy images are shown along
with cleared MPM images, for comparison.

Materials and Methods
Preparation of lung scaffolds

Lungs were decellularized as previously described."’
Briefly, the trachea, heart, and lungs were excised en bloc
from adult (3—6 month old) rats and treated with decel-
lularization solution containing 5mM EDTA, 8mM
CHAPS, and 1 M NaCl in 1 x PBS. After 2-3 h, lungs were
treated with benzonase endonuclease, incubated for 1h at
37°C, and rinsed extensively with PBS. Decellularized lungs
were then rinsed with an antibiotic/antimycotic solution and
stored at room temperature until seeding.

Seeding and culture of lung scaffolds

Two Tx150 flasks of confluent A549 cells, a human ade-
nocarcinoma cell line, were labeled with dil membrane dye
for 1h at 37°C in media without serum. The 2.4 mg/mL stock
solution of dil was prepared in DMSO and used at 1:1000 in
the total labeling volume. Cells were rinsed, trypsinized, and
pelleted in preparation for seeding. The pellet was re-
suspended in 3 mL of culture media (DMEM + 10% FBS) and
injected into the airway compartment of the lung via the
trachea. The seeded lung scaffold was cultured for 2 days
with pulsatile vascular perfusion and then fixed with 4% PFA
for ~12-16h before dehydration and clearing.

Preparation of tissue-engineered vessels

Tissue-engineered vascular grafts (TEVGs) were grown
as previously described.® Briefly, SMCs were isolated from
canine carotid arteries and were stored in liquid nitrogen
vapor (— 135°C) before use. Cells were seeded onto tubular
PGA felt scaffolds (3-mm ID) and strained cyclically (2.5%
at 2.75Hz) in a bioreactor to produce grafts. The medium
for the growth of TEVGs was low-glucose DMEM with
20% serum, bFGF (10ng/mL), penicillin G (500 U/mL),
copper sulfate (3ng/mL), L-proline (50 ng/mL), L-alanine
(20ng/mL), and glycine (50ng/mL) and was changed once
per week. L-ascorbic acid was added thrice weekly. After 8
weeks of culture, TEVGs were decellularized as described
previously,® in PBS with 0.12M sodium hydroxide, 1M
sodium chloride, and 25mM EDTA, containing 8§ mM
CHAPS. TEVGs were exposed to detergent solution for 6 h
at room temperature and were washed with PBS.

Preparation of tissues for imaging

Lungs. Fixed stained lung specimens were cleared
by modifying a previously described method.'” At room
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temperature, whole lung specimens were rinsed twice with
PBS and then dehydrated via a graded methanol assay (50%,
75%, 95%, 100%, 100%), with each step lasting 30 min.
After each step, vials were drained of solution and refilled
with the next solution in the series.

Dehydrated lungs were then cleared using a 1:2 BABB
solution. After the second 100% methanol step, the organs
were placed in a 1:1 solution by volume of methanol:BABB.
After 30 min, the solution was drained and replaced with a
1:1 solution of methanol:BABB for an additional 30 min.
The 1:1 solution was then replaced with 100% BABB so-
lution. Lungs became noticeably clear after 10min, and
imaging was performed after 1h in BABB. Total tissue
processing time was 3.5h.

Vessels. Vessels were cleared via an expedited 10-min
protocol. At room temperature, intact vessels were rinsed
twice with PBS. Next, vessels were cleared through a graded
assay (50% methanol, 100% methanol, 1:1 metha-
nol:BABB, 100% BABB, 100% BABB). After each step
(2min), vials were drained of solution and immediately
refilled with the next solution in the assay. Native decel-
lularized and engineered vessels appeared visibly clear after
1 min in BABB.

Imaging

Images were captured using a previously described cus-
tom-built multiphoton microscope.'® The excitation source
was a 80 MHz pulsed Ti:Sapphire laser (Mai Tai; Spectra-
Physics, Mountain View, CA), tunable between 710 and
990 nm. An excitation wavelength of 740 nm with a ~ 100
fs pulse width was used. Based on the Olympus BX51 WI
upright fluorescence microscope (Olympus America, Center
Valley, PA), the multiphoton microscope was equipped with
either a 5 x Nikon objective lens with 0.5 numerical aperture
(AZ Plan Fluor; Nikon Corp., Tokyo, Japan) or 4 X Olympus
with 0.28 numerical aperture. Samples were submerged in
BABB and placed on a three-axis microscope stage (ASI
Imaging, Eugene, OR).

Autofluorescence was filtered through a 460/80 bandpass
filter, SHG was filtered through a 370/20 bandpass filter, and
Dil was filtered through a 600/75 bandpass filter (Chroma
Technologies, Rockingham, VT). One HC-125-02 and two
H7422P-40 GaAsP photomultiplier tubes (Hamatsu,
Bridgewater, NJ) were used for photon collection. Image z-
stacks were collected and processed using SCANIMAGE
software.'® Before capturing images, the stage was zeroed at
the tissue’s surface to quantify depth. Pseudocoloring and
movies of rotating image stacks were created using ImageJ
software.

Histology

Paraformaldehyde-fixed, BABB-cleared specimens were
processed through conventional histology methods. After
MPM/SHG imaging, specimens were placed in histology
cassettes, embedded in paraffin wax using an unmodified
automated progressive ‘‘dehydration” protocol (Shandom
Excelsior Tissue Processor), cut into 5-pm-thick sections,
and mounted on slides. H&E staining was performed using
standard manual technique.
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Results

Typical processing for biological tissue samples that are
either harvested from experimental animals or are the
product of tissue engineering efforts includes fixing a por-
tion of the tissue and sending it to histology for processing
and subsequent staining. Results from this approach are
typified by the images in Figure 1A—C—thin sections that
provide a snapshot of the tissue in one plane. When tissue
samples are processed for clearing and optical sectioning,
representative images at each focal plane bear a recogniz-
able resemblance to traditional histological sections, with
the added benefit that the assessment is nondestructive, and
therefore, the investigator is able to query a significantly
greater amount of tissue. In addition, distinct signals (that
would otherwise both be encompassed by eosin staining)
that denote the distinction between fibrillar collagens and
basement membrane collagens (Fig. 1D-F) can be captured.
The identification of these components is conventionally
achieved by immunohistochemistry or immunofluorescence.
This distinction is achieved by the simultaneous capture and
combination of intrinsic fluorescence and SHG channels and
visualized by the different colors along the branching air-
ways and alveoli. When multiple 2D images are assembled
into a composite image, nearly half a centimeter of tissue
can be inspected at once (Fig. 2). With this broad perspec-
tive, patterns of cell seeding, in the case of lung, become
more apparent in relation to the airways through which they
were administered.

A 3D volume of the BABB-cleared lung specimen pro-
vides an even more comprehensive view of the structural
relationships between cell distribution (blue), airway
branching (green), and alveoli (red) (Figure 3A-E). Not
only are these different components characterized by dis-
tinct signals (that can then be pseudocolored), but the use of
MPM with optically cleared tissue also improves the depth
that is accessible for imaging 10-fold, from ~ 100pm
(0.1 mm) to over 1 mm (Fig. 3A). Serial images of optically
cleared, intact lung constructs are combined into multi-
channel 3D ‘“‘optical biopsies’” without the need for complex
image registration algorithms (Fig. 3B and Supplementary
Movie S1; Supplementary Data are available online at
www.liebertpub.com/tec). Small branching airways tra-
versing the XZ and YZ planes are readily identified even
though isotropic resolution was not obtained (voxel size 0.9,
0.9, 10 pm; Supplementary Movie S2).

Because of the relative density of alveoli relative to the
larger branching structures, the optical volume of tissue is
dominated by the alveoli (Fig. 3A, B). With traditional
histology, alveoli and airways are visible concurrently (Fig.
1A-C), but the 3D nature of the tissue is lost. Because the
MPM images are the combinations of images from multiple
channels, however, it is possible to not only retain spatial
information but also to separate the channels and select
particular channels of interest for greater detail. Exclusion
of the autofluorescence channel (red) shows cells organized
in a distinctive billowing pattern, reminiscent of filled al-
veolar spaces, nested within the branched network of the
conducting airways (Fig. 3C). Further image partitioning
enables better visualization of airway branching and spatial
distribution of the cells in three dimensions (Fig. 3D, E).
Three-dimensional manipulation and animation allows the
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FIG. 1.

Traditional histological processing and hematoxylin and eosin staining (A-C) yields two-dimensional (2D)

images of decellularized (B) and recellularized (C) lung tissue. Optically cleared tissue imaged with second harmonic
generation and two-photon microscopy yields results similar to traditional histology (D-F), with the added differentiation
between two different extracellular matrix components: those visualized by two-photon microscopy such as elastin and
possibly collagen IV, and the fibrillar collagen signal captured by second harmonic generation (red, green, respectively,
panels D-F). DAPI is used to identify the cells (blue, F). Scale bars =200 um (A-C); 450 um (D-F). Images (E, F) were

taken at a depth of 650 um below the surface of the tissue.

user to view the inner surfaces of an airway or medium to
large vessel (Supplementary Movie S3).

The ability to manipulate the tissue in three dimensions
allows efficient and comprehensive visualization of the
various components of the decellularized tissue engineered
vascular graft. Because the use of MPM with optically
cleared tissue is not destructive to the tissue, multiple views

FIG. 2. Multiple 2D multiphoton images can be compiled
to obtain a high-resolution assessment of the entire width of
the lobe of a rat lung. Separate channel colors for fibrillar
collagens (green), cells (blue), and other extracellular matrix
components (red) aide in visualizing seeding patterns and
distribution of the cells within the extracellular matrix
scaffold. Scale bar=1.2 mm.

of the tissue, from different directions, can even be obtained
from the same tissue. Images of the whole tissue (Fig. 4A,
B), sections through the entire vessel (Fig. 4C-E), or
through a single wall of the vessel (Fig. 4F-H) can all
provide unique information about the structure of the tissue.
Furthermore, images can be obtained as longitudinal cross
sections of the whole wall (Fig. 5B, C) or as parallel planes
within the wall (Fig. 4F—H). Importantly, this dexterity does
not compromise the resolution of the images. Indeed, this
technique offers a unique means to closely examine the
microstructure and organization of the collagen fibers at
different depths within intact engineered vessels with a
spatial resolution on the order of microns (Supplementary
Movie S4). MPM shows that collagen fibers, which are
actually quite challenging or impossible to identify in detail
on traditional H&E sections (Fig. 5A), can be viewed in
such fine detail as to illustrate that the fiber alignment
changes with depth through the wall. In tissue-engineered
vessels, for example, the fibers are aligned axially, helically,
and helically circumferentially at the outer, middle, and
inner layers, respectively (Fig. 4F-H). Individual collagen
fibers can otherwise only be seen through the use of trans-
mission or scanning electron microscopy (Fig. 5D, E).
Previous work with MPM indicates that these three different
collagen alignment families in engineered vessels are
composed of ~ 33% axially, ~ 37% circumferentially, and
~ 30% helically oriented fibers.”” Interestingly, this change
in collagen fiber organization is also found in native blood
vessels where the collagen fibers are more longitudinally
aligned in the adventitia layer and become circumferentially
oriented at the media layer.>"*



574

FIG. 3. Different compo-
nents of the tissue are char-
acterized by distinct signals
generated by multiphoton
microscopy (MPM), second
harmonic generation, and the
use of a membrane incorpo-
rating dye (A, B). These sig-
nals can be pseudocolored
and separated from one an-
other in three dimensions to
display only cells and fibril-
lar collagens (C), fibrillar
collagens alone (D), or cells
alone (E). Scale bars=450
pm (A, B); 250 um (C-E).

CALLE ET AL.

FIG. 4. Using MPM and optically cleared tissue, one can obtain a three-dimensional (3D) image of the vessel as a whole
(A, B), as well as images of planes perpendicular to the radius; this technique allows effective imaging at depths great
enough to traverse the vessel from one wall to the other, a distance of ~2.5mm (C-E). Planes within a single wall also
reveal the changes in collagen fiber alignment that occur between the outer edge of the vessel and the luminal face,
indicating that the ability to image large volumes of tissue does not sacrifice resolution to do so (F-H). Scale bars=1mm

(A-E); 100 um (F-H).
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FIG. 5. MPM can be used to probe the
organization of collagen fibers within the
wall of the vessel. Although collagen fibers
are difficult to identify in a longitudinal
cross section of a tissue engineered vessel
with traditional histology (A), MPM readily
visualizes these fibers in optical sections (B,
C). Although these images do not recapitu-
late all of the detail provided by traditional
techniques such as scanning electron mi-
croscopy (D, E), the resulting images ef-
fectively convey important structural
information related to fiber number and
orientation, without the challenges of tissue
processing. Scale bars =50 um (A-C); 1 pm
(D); 20 um (E).

Discussion tools will be required to characterize and explore the re-
lationships that emerge between structural elements and

Three-dimensional culture of cells and engineering of function of the cells as well as the resulting tissue within
tissues is an increasingly important aspect of biomedical the structure. Current radiological methods are typically
research. As tissue engineering in particular continues to not cost effective and lack the resolution for single cell

progress and the tissues become more complex, additional  visualization.

FIG. 6. Optical sections
through a 3D volume (A, B)
illustrate the ability to iden-
tify regions of interest for
sectioning and further analy-
sis noninvasively (C, D).
Because the distribution of
cells within the reseeded de-
cellularized matrix scaffold
is nonuniform, the ability to
identify cutting depth a priori
avoids loss of potentially
important information. Depth
into the tissue is 0, 160, and
760 pm, respectively (C-E).
Scale bars =500 um (A, B);
250 um (C-E).
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Histological processing, a mainstay of tissue study, pro-
vides thin 2D sectional analysis of 3D tissues. In addition,
routine histology often provides information about only the
first 50-100 pm of the tissue from the outer edge inward.
Information about deeper portions of the tissue requires
serial sectioning, possibly discarding intervening tissue or
distorting structures. These additional steps not only in-
crease the time required to obtain potentially vital infor-
mation on tissue samples that may have already taken
several months to generate (in the case of tissue engineered
vessels in particular) but also increase the risk of losing or
overlooking important information about local phenomena,
especially in the case of engineered tissues and organs,
which are often characterized by spatially heterogeneous
cell seeding. By viewing the tissue in its entirety before
sectioning, one could identify regions of interest based on
cell density, organization, or structure and then concentrate
additional studies on this population (Fig. 6). This would not
only improve the efficiency of data collection but could also
illuminate patterns associated with cell seeding or prolifer-
ation that might not be as prominent in two dimensions as in
three. Initial cell engraftment, for example, might occur
more readily or frequently in one region of the lung (for
example, the center), whereas long-term survival during
culture might favor peripheral locations. Additional char-
acteristics of the scaffold, such as fluid flow through the
vasculature might also be well defined by the methods de-
scribed here.

The collagen fiber structure in native blood vessels is also
highly 3D, with fibers in native vessels characterized by
circumferential, helical, and axial alignment. Visualization
of this information, particularly with respect to depth, would
not be possible without the use of optical clearing and is not
even approximated by more rudimentary techniques. The
combination of optically cleared engineered blood vessels
and MPM, however, has demonstrated the ability to visu-
alize collagen matrix alignment and orientation at the level
of individual fibers, which range from 0.5 to 1.0 pm in di-
ameter, with micron spatial resolution.?® This allows one to
visualize the change in collagen fiber orientation and
alignment across the entire vascular wall as well. Ultra-
structure and organization of collagen fiber have a signifi-
cant impact on the mechanical properties of both native and
engineered vessels and can alter the ratio of forward- and
backward-scattered SHG signal.20 Therefore, visualization
of collagen orientation via SHG provides valuable infor-
mation at the submicron level for understanding the vascular
mechanics, which would have been difficult to achieve by
other means.**

Importantly, the visualization of collagen fibers is inde-
pendent of the detection of elastin. While collagen fibers
produce an SHG signal, elastin emits a fluorescence signal
under two-photon excitation. Because their signals inhabit
different channels, collagen and elastin can easily be viewed
together or separately. This distinction has been used suc-
cessfully to image cross sections of elastic arterioles® and
could provide additional information about the functional
capacity of lungs and vessels in the future; efforts to engi-
neer these tissues thus far have had limited success in re-
taining or generating elastin.”*%%’

The ability to separate the elastin signal from the signal
generated by nonfibrillar collagens, however, requires ad-
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ditional investigation. Imaging of the decellularized lung,
for example, which exhibits loss of nearly 60% of the
original elastin content,* retains a fairly strong fluorescence
signal. Coupled with the pattern of the signal (i.e., evenly
distributed throughout the alveoli as a continuous boundary
around the alveoli), this observation suggests that the two-
photon fluorescence signal may in fact be a product of
excitation of collagen IV, the predominant basement mem-
brane protein in the alveoli.”®

Overall, we have presented here a tool that overcomes
many of the obstacles that are attendant to traditional his-
tological examination of tissues, whether engineered or
native. Optical clearing presents the opportunity to view a
large amount of tissue rapidly, simultaneously, and in all
three dimensions in a nondestructive way. As a result, this
technique provides important structural information about
the tissue overall and even about the fibers that make up
these structures, easily surpassing the spatial resolution
of either magnetic resonance imaging (MRI) or micro-
computed tomography (CT), which fail to provide cell-level
resolution.'® Finally, MPM and SHG can provide a wealth
of information about the materials present in a construct
since the signals of collagens and cells, for example, inhabit
different channels, allowing for separation during analysis.

Although the application of this technique for the ex-
traction of structural data still needs to be improved (airways
and vessels in the lung, for example, are largely indistin-
guishable), we anticipate that improvements or modifica-
tions that allow greater focus on function will be even more
valuable. Exploration of antibody staining, first demon-
strated by Yokomizo in 2012,% could not only provide a
method to distinguish biochemically distinct but structurally
similar structures such as vessels and airways, but would
also open the door to exploring protein expression and cell
function within the complicated 3D structures of whole or-
gans. To avoid the added time and to circumvent diffusion
limitations of staining a whole tissue with antibodies, the
use of fluorescently labeled reporter lines could enhance the
quantity and type of information that could be obtained.
Cells that bear a constitutive or inducible marker of interest
could be used to populate a decellularized matrix for ex-
ample and track changes in phenotype in three dimensions.
Alternatively, these cells could be used to probe the role of a
particular cell type in a model of injury or repair in vivo.
Administration of exogenous cells that either possess the
reporter or are prelabeled with membrane-incorporating
dyes, as described here (e.g., tagged neutrophils or pro-
genitor cells), would allow these tagged cells to show up in
the tissue that would then be harvested from the model
animal assessed with these imaging techniques. Modalities
not explored here that could also be useful in future tissue
engineering applications include fluorescence lifetime im-
aging, which is a tool for identifying tissue components based
on pH or oxygen saturation.'” Since these are critical factors
that affect the growth and, in the case of stem cells, the dif-
ferentiation of tissue, this may be a useful avenue to pursue.
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