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Tissue engineering has evolved with multifaceted research being conducted using advanced technologies, and it
is progressing toward clinical applications. As tissue engineering technology significantly advances, it proceeds
toward increasing sophistication, including nanoscale strategies for material construction and synergetic
methods for combining with cells, growth factors, or other macromolecules. Therefore, to assess advanced
tissue-engineered constructs, tissue engineers need versatile imaging methods capable of monitoring not only
morphological but also functional and molecular information. However, there is no single imaging modality
that is suitable for all tissue-engineered constructs. Each imaging method has its own range of applications and
provides information based on the specific properties of the imaging technique. Therefore, according to the
requirements of the tissue engineering studies, the most appropriate tool should be selected among a variety of
imaging modalities. The goal of this review article is to describe available biomedical imaging methods to
assess tissue engineering applications and to provide tissue engineers with criteria and insights for determining
the best imaging strategies. Commonly used biomedical imaging modalities, including X-ray and computed
tomography, positron emission tomography and single photon emission computed tomography, magnetic res-
onance imaging, ultrasound imaging, optical imaging, and emerging techniques and multimodal imaging, will

be discussed, focusing on the latest trends of their applications in recent tissue engineering studies.

Introduction

THE FIELD OF TISSUE ENGINEERING is evolving continu-
ously, with multifaceted research being conducted using
advanced technologies from various fields including engi-
neering, molecular biology, synthetic chemistry, pharma-
ceutics, and medicine. As a result, tissue engineering has
progressed beyond in vitro and animal studies, and is rapidly
advancing toward clinical applications. As tissue engineer-
ing technology matures, it proceeds toward nanoscale
strategies for material construction.'™ Therefore, to assess
advanced applications related to tissue engineering, tissue
engineers need versatile imaging methods capable of mon-
itoring not only morphological but also functional and
molecular information. Numerous tissue engineering studies
still utilize conventional tools, such as histological tech-
niques, which provide important but limited information,
especially in the case of in vivo preclinical and clinical
approaches.* Visualizing tissue-engineered constructs using
these conventional methods requires destruction of the
samples, meaning that longitudinal three-dimensional (3D)
volumetric assessment is extremely limited. Also, due to
destructive procedures and limited views within the con-
fined volume, histology requires statistical analysis to
compensate for inconsistencies of experimental results at
various time points and from different samples. However,

there are many advanced imaging techniques available for
tissue engineers, and an increasing number of recent tissue
engineering studies have begun to explore the applications
of various advanced imaging modalities.”~" Advanced im-
aging techniques allow for noninvasive, longitudinal, and
consistent monitoring of tissue-engineered constructs, thus
overcoming limitations of the conventional tools.

The ideal imaging tool for tissue engineering must be
applicable from the subcellular level to animal and human
studies using safe, quantitative, and noninvasive monitoring
(Fig. 1). Therefore, to support all the diverse applications,
the ideal imaging technology must have the ability to re-
solve signals at the subcellular scale and to penetrate
through the whole body. Moreover, the imaging tool ideally
needs to offer contrast to display all the necessary informa-
tion covering morphological, physiological, and molecular
changes. However, practically there is no single imaging
modality that is suitable for all applications and information
for tissue-engineered constructs.

All medical imaging systems available for tissue engi-
neering are based on the physical interaction between an
internal or external energy source (electromagnetic waves,
pressure waves, etc.) and the imaged object (tissues, organs,
cells, nanoparticles, molecules, etc.); the imaging systems
detect the energy change transmitted from the object to form
an image. Hence, specific properties of medical imaging
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FIG. 1. Tllustration for the role of imaging in tissue engi-
neering applications. Color images available online at www
Jiebertpub.com/teb

methods, such as spatial and temporal resolution, penetra-
tion depth, applicable endogenous and exogenous contrast
agents, safety, and cost, are determined by the intensity and
wavelength of energy sources as well as characteristics of
the imaging system (Table 1).*%7'" Thus, as briefly pre-
sented in Figure 2, each imaging method has its own range
of applications and provided information based on the spe-
cific properties of the imaging technique. Therefore, ac-
cording to the requirements of the tissue engineering
studies, the most appropriate tool should be selected among
a variety of imaging modalities by tissue engineers.

The goal of this review article is to describe available
biomedical imaging methods to assess applications related to
tissue engineering and to provide tissue engineers with cri-
teria and insights for determining the best imaging strategies.
Commonly used biomedical imaging modalities, including
X-ray and computed tomography (CT), positron emission
tomography (PET) and single photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI),
ultrasound imaging, optical imaging, and emerging tech-
niques and multimodal imaging, will be discussed, focusing
on the latest trends of their applications in recent tissue en-
gineering studies.

Imaging Strategies for Tissue Engineering
X-ray/CT

Radiographic imaging, including X-ray imaging and CT,
has been the main diagnostic method since it was invented,
and its use has rapidly increased due to excellent spatial
resolution and great contrast for visualizing anatomy, es-
pecially bone structure.'>'> The energy source for radio-
graphic imaging is X-ray energy, which is much higher than
light energy so that it can penetrate through the human body.
Images from X-ray imaging and CT are created by mea-
surement of attenuation of the projected X-ray beam. Due to
the high level of the imaging energy source, X-ray imaging
and CT has excellent penetration depth, enabling clinical
approaches. However, X-ray radiation is ionizing and can
damage tissue or samples. In addition, even though X-ray
imaging and CT are powerful tools for bone imaging, con-
trast between soft tissues is not as high as bone. Also, al-
though some researchers have explored functional and

TABLE 1. PROPERTIES OF IMAGING MODALITIES FOR TISSUE ENGINEERING APPLICATIONS

Photoacoustics

Bioluminescence

Optical microscopy

oCT

Micro ultrasound

Micro-PET  Micro-CT  Micro-MRI

50-150 pm
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10 mm
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Molecular imaging using

Medium
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Low
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Low
High

Low
High

High
Low
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CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission tomography; OCT, optical coherence tomography.
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molecular imaging with X-ray imaging and CT, contrast
agents are still limited compared to other molecular imaging
techniques.

CT, including micro-CT, and X-ray are commonly used
to assess therapies aimed at healing bone defects by moni-
toring the morphological changes in the bone over time.'*'®
Bone has highly absorbing properties, and thus new bone
deposition can be imaged using X-ray-based modalities. In
addition, in vivo and ex vivo analysis of bone ingrowth and
integration into porous scaffolds can be monitored with CT
and X-ray imaging technologies. The evaluation of bone
ingrowth into various scaffolds has been demonstrated.'®'®
In one study, the mineralization stages at different distances
from the scaffold interface were monitored using X-ray and
provided insight into the complicated mineral deposition
steps at the organic-mineral interface.'” Also, micro-CT has
been employed to evaluate the optimal culture conditions
for bone mineralization of various scaffolds in vitro."
Human mesenchymal stem cells were cultured in scaffolds of
different materials and under static or perfused medium flow
conditions.'” The resulting spatial distribution and inter-
connectivity of bone formation were visualized using micro-
CT." Thus, this technique provided information to optimize
the culture conditions to enhance the osteogenic behavior of
mesenchymal stem cells and bone formation.

X-ray and CT imaging techniques have also been used to
assess the properties of tissue-engineered constructs, in-
cluding porosity, pore size, and interconnectivity.”** A
commonly used contrast agent for CT imaging is Hexabrix,
and many have used Hexabrix to coat scaffolds to enhance
the contrast necessary for micro- or nano-CT imaging. Silk
fibroin scaffolds prepared by different synthesis techniques
and seeded with chondrocytes were cultured in vitro and
imaged with Hexabrix-enhanced micro-CT to evaluate
proteoglycan production and determine optimal scaffold
production conditions for cartilage tissue engineering pur-
poses, as shown in Figure 3A.2° However, a problem with
some of the contrast agents employed for CT imaging of
tissue-engineered scaffolds is the potential loss of informa-
tion. When comparing CT contrast agents Hexabrix and
phosphotungstic acid (PTA) with standard techniques for
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evaluating scaffolds, some discrepancies were discovered.?'
Under certain conditions PTA did not sufficiently coat the
entire matrix, resulting in false void space being depicted in
the CT images.”’ However, in general, nano-CT imaging
quite accurately showed the ECM being deposited only
around the periphery of the scaffold, whereas other con-
ventional techniques that are depth-limited could result in
the misinterpretation of scaffolds being fully composed
of ECM.?! To overcome the use of contrast agents, which
may be toxic and require fixation of the samples, X-ray
phase-contrast micro-CT imaging can be performed. Phase-
contrast X-ray imaging is sensitive to light elements, which
are commonly found in tissue, and thus it overcomes the
disadvantage of conventional X-ray imaging, which is not
capable of imaging soft tissue because of poor contrast.”?
This imaging technique has been used to visualize cells
seeded on poly(lactic-co-glycolic) acid (PLGA) scaffolds
and monitor the rate in which the cells modify the scaffolds
overtime.*?

Many have also attempted to visualize vasculature using
contrast-enhanced CT.23-?* Radiopaque contrast agents,
such as barium sulfate or Microfil, are injected into the
vasculature of the animal prior to sacrifice to allow for ex vivo
imaging of the samples. One study evaluated the vascular
ingrowth within a gel system consisting of an arteriovenous
loop placed in a particulated porous hydroxyapatite and [3-
tricalcium phosphate matrix with and without incorporation
of exogenous growth factors.”> Micro-CT analysis was per-
formed with Microfil contrast enhancement to visualize the
3D geometry of the vascular tree within the construct (Fig.
3B), allowing for easy and accurate quantification compared
to 2D histological analysis. However, the authors mention
that the resolution of the micro-CT scanner, as well as
complete filling of the vessels by contrast agent, are limita-
tions in image analysis and could lead to inaccuracies in
quantification. Another study compared micro-CT analysis to
conventional methods for assessing vessel ingrowth into po-
rous scaffolds.”® The scaffolds were conjugated with vascular
endothelial growth factor (VEGF) to allow gradual release
over time. A similar level of vascularization within the
VEGF-treated scaffolds was determined when comparing
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FIG. 3. X-ray and CT images of various tissue-engineered scaffolds. (A) Micro-CT analysis of proteoglycan production
by chondrocytes seeded in various fibroin scaffolds using Hexabrix contrast agent enhancement. Reprinted with permission

from Wang et al.

(B) Three-dimensional reconstructed micro-CT images of vessel ingrowth within a gel system consisting

of an arteriovenous loop placed in a particulated porous hydroxyapatite and B-tricalcium phosphate matrix with and without
incorporation of exogenous growth factors. Reprinted with permission from Arkudas e al.*>> (C) Synchroton radiation CT
imaging of polyurethane scaffolds seeded with endothelial cells and labeled with anti-CD34-biotin antibodies and FeO-

streptavidin particles. Reprinted with permission from Thimm et al.

.com/teb

micro-CT to other methods, and although micro-CT could
quantify vessels almost down to the capillary level, the actual
diameters of the vessels detected by micro-CT were over-
estimated, most likely due to a merging effect of vessels in
close proximity.*?

Due to their inherent limitations, CT and X-ray imaging
are mainly effective in assessing structural and morpho-
logical information of tissue-engineered constructs. How-
ever, recently there have been some trials to visualize cells
using X-ray imaging or CT. For example, X-ray imaging has
also been used to monitor cell spreading on 3D scaffolds*®
and cell migration in vivo.*’ Cells are usually labeled with a
metal contrast agent, such as iron oxide or gold nano-
particles, prior to incorporation into the scaffold or delivery
in vivo so that the cells can be visualized using X-ray im-
aging. CT imaging was able to visualize the distribution of
endothelial cells seeded in 3D polyurethane scaffolds and
labeled with iron oxide particles, as shown in Figure 3C.%°
In addition, the in vivo distribution of iron oxide-labeled
stem cells delivered intra-arterially has been accomplished
using micro-CT.?’ Thus, the kinetics and migration of stem
cells delivered for therapeutic purposes can potentially be
visualized over time using X-ray, providing more informa-
tion about the progression of diseases and the therapeutic
benefits of the stem cells.

Nuclear medicine (PET/SPECT)

Nuclear medicine, which includes PET and SPECT, has
been used as a powerful diagnostic tool to evaluate func-
tional and molecular data of the imaged target.'®*® The

Color images available online at www.liebertpub

fundamental principle underlying PET/SPECT imaging is
the use of radioactive agents, which can localize in specific
organs or tissue on the basis of their biochemical or physi-
ological properties. Because specific chemicals of biological
interest can be radiolabeled, nuclear imaging has the po-
tential to monitor functional processes. Among biomedical
imaging modalities available for whole body imaging, PET
and SPECT are the main molecular imaging techniques with
the highest sensitivity and the various isotopes available as
contrast agents. In addition, PET and SPECT have very high
sensitivity and there are various isotopes available as con-
trast agents for these nuclear medicine imaging techniques.
However, PET and SPECT are based on the detection of
gamma waves from the isotopes and, like X-ray and CT, are
thus ionizing. Also, nuclear imaging modalities are expen-
sive and spatial and temporal resolution of nuclear medicine
is poor, which limits visualization of tissue- engineered
constructs at the sub-millimeter level.

PET and SPECT imaging have been used to track stem
and progenitor cells delivered within in vivo injury models
to monitor the cells’ function and approximate localiza-
tion within the body. The functional capability of cells is
commonly assessed by the ability of cells to uptake
fluorodeoxyglucose (‘*F-FDG), which is a glucose analog
incorporating the positron-emitting radioactive isotope
fluorine-18. Uptake of 'SF-FDG is correlated with tissue
metabolism. The functional capability of an infarct region
following delivery of progenitor cells has been assessed
using FDG-PET imaging.?® In addition, PET and SPECT
imaging have also been employed for cells delivered within
a scaffold. FDG-PET imaging has been used to functionally
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characterize stem cells delivered within critical size bone
defects,**>" and when combined with CT images, provide
information about the structural integrity of the bone. Spe-
cifically, PET scanning was able to assess the function in-
tegrity of the endothelial vascular lining of the networks,
which was supported by the histological results.’ The os-
teogenic metabolism of genetically engineered bone marrow-
derived mesenchymal stem cells was also evaluated using
PET imaging for the repair of critical-size bone defects.3?
The cells were engineered to have sustained expression of
bone morphogenetic protein (BMP)2/VEGF, resulting in en-
hanced osteogenic potential, angiogenesis, and regeneration of
bone defects compared with controls, as shown in Figure
4A? In addition, adipose-derived stem cells transfected with
BMP2 and VEGF plasmids to promote reconstruction of bone
defects were monitored using SPECT imaging.*?

The release kinetics of growth factors from polymeric
scaffolds has also been evaluated using SPECT imaging.>*
BMP2 was labeled with '*I and the in vitro and in vivo
release kinetics from PLGA microparticles was quantified.
The scaffolds were implanted into bone defect models and
the osteoinductive capacity of the scaffolds was evaluated,

¥ Scaffold / cells
4 Scaffold only

Sagittal slice

FIG. 4. Nuclear medicine imaging of tissue engineering
applications to evaluate wound healing. (A) Evaluation of
osteogenic metabolism within a bone defect model using
PET/CT imaging to assess healing following treatment with
poly(lactic-co-glycolic) acid (PLGA) scaffolds seeded with
bone marrow mesenchymal stem cells. Reprinted with per-
mission from Lin er al.>* (B) PET/CT imaging of angio-
genesis induced in a hindlimb ischemia model with avb3
targeted dendritic nanoprobes Reprinted with permission
from van de Almutairi ez al.>® Color images available online
at www.liebertpub.com/teb
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including looking at the release kinetics of the growth factor
over 28 days.>* By monitoring the release kinetics, the in-
vestigators were able to tailor the scaffold to result in op-
timal growth factor distribution and healing.

Contrast agents for PET and SPECT imaging have been
developed, which target specific biological mechanisms
within the body. Specifically for tissue engineering appli-
cations, probes targeted to o3, a biological marker of
angiogenesis, have been developed for noninvasive imag-
ing of angiogenesis.*>>® One example of these biode-
gradable probes, developed by Almutairi et al., consists of
eight branches functionalized with the radiohalogen "°Br
and the targeting peptide RGD at the ends of polymer
chains.*® The nanoprobes showed high specific uptake in
angiogenic muscles in an in vivo murine hindlimb ischemia
model, as shown in Figure 4B.*® These contrast agents
have potential to be used in combination with cell therapies
and tissue-engineered scaffolds to monitor the extent of
associated angiogenesis.

Magnetic resonance imaging

MRI has been widely applied for both preclinical and
clinical applications due to numerous advantages including
its excellent imaging penetration depth and safety. When
atoms are placed in a strong magnetic field (1.5-10T), the
nuclei, mostly of "H in the body, are aligned in the direction
of the field and the magnetic moment spins around the atom
at the Larmor frequency, which is intrinsically related to the
material and its environment. By sending and receiving
radio frequency pulses, the magnitude and frequency of the
magnetization can be measured using coils. According to
the pulse sequence, longitudinal or transversal magnetiza-
tion relaxation times (T1 or T2, respectively) or proton
density can be weighted and selectively shown in an MR
image. Basically, MRI is a whole body imaging modality
with great penetration depth, and micro-MRI can be used by
tissue engineers to improve spatial resolution (~100 um) in
very high (7-9T) strength magnetic fields. MRI has excel-
lent contrast between various soft tissues. Also, several
types of gadolinium- or iron oxide-based contrast agents,
including magnetic nanoparticles, are available to enhance
contrast and tracking abilities.’”*® Using contrast from a
variety of sources, MRI can provide anatomical, functional,
and cellular information. However, although MRI is gen-
erally a superior imaging method in many aspects (possibly
to be used for molecular imaging as well), it is not the best
tool to monitor molecular interactions compared to other
molecular imaging modalities mainly due to low sensitivity
and limited molecular probes.?®3®

Because MRI has the superior ability of distinguishing
soft tissue contrast, MRI can visualize and assess tissue-
engineered constructs without exogenous contrast agents
in vitro and in vivo. Several in vitro MRI studies have
demonstrated the evaluation of tissue-engineered constructs,
such as assessing the composition of bladder acellular matrix-
based scaffolds using measured MR relaxation times (T,
T,) and diffusion coefficients.>® MRI has also been used to
evaluate intermediate adhesive layers after the integration of
hydrogel in cartilage using magnetization relaxation time
changes of the scaffolds.*® In addition, it was demonstrated
in vitro that changes in MR parameters correlated to cell
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behaviors, such as differentiation of mesenchymal stem cells
and growth of chondrocytes in the gels.*!**? As fat tissues
have a short T1 relaxation time, resorption of adipose tissue-
engineered constructs was longitudinally monitored in vivo
using MRL.*® Also, articular cartilage repair in a rabbit os-
teochondral defect model was monitored over time after
thrombin peptide (TP)-508 treatment using quantitative T2
mapping, as shown in Figure 5A.*

However, imaging contrast from many cell types could be
obscured compared to background and therefore cell tracking
using MRI can be challenging, especially after implantation
into tissue or scaffolds. Hence, numerous studies in the tissue
engineering field incorporated magnetic materials, such as
gadolinium or iron oxide, to enhance imaging contrast.
Various cell types including astrocytes,*’ chondrocytes (Fig.
5B),*® and mesenchymal stem cells*’*® were successfully
detected and their localization was visualized within scaf-
folds or in vivo using cell labeling with superparamagnetic
iron oxide nanoparticles (SPIONs). Similarly, gadolinium-
based magnetic imaging contrast was applied to label
endothelial progenitor cells and the labeled cells were
intramuscularly injected and successfully tracked in the
ischemic rat hindlimb.*’

Moreover, magnetic material can be used to directly label
a scaffold itself to enhance visualizing the morphology of
the implanted scaffold. Bone substitutes, such as calcium
phosphate cements, were differentiated from bone using
incorporation of iron oxide particles incorporated with ga-
dopentetatedimeglumine®® and %adolinium combined with

single-walled carbon nanotubes”' to overcome MR imaging

contrast limitation caused by low hydrogen content in bone
and very short T2 relaxation time. In addition, SPIONs have

Magnitude
imaging

0.5% gel

Adipogenic
construct

also been used to directly label collagen scaffolds and
degradation of the subcutaneously implanted scaffold was
clearly visualized in vivo.’> Hydrogel filaments containing
gadolinium or SPIO were invented to be visualized by MRI
and applied to embolization for the treatment of intracranial
aneurysm.”

More precise and accurate mechanical properties such as
stiffness and elasticity can be assessed using magnetic res-
onance elastography (MRE), which uses low-frequency
shear wave motion generated by an acoustic actuator cou-
pled to the tissue of interest. The acquired shear wave im-
ages can be utilized to assess the mechanical property called
the shear elastic modulus, presenting the proportionalit
relationship between lateral stress and strain in a material.>*
Using MRE, nondestructive monitoring and characterization
of the osteogenic and adipogenic development of mesen-
chymal stem cell-based tissue-engineered constructs was
demonstrated in vivo (Fig. SC).55 Also, MRE was able to
differentiate the growth stage of engineered fat, which was
not possible only with T2 measurements.>®

MRI is one of the medical imaging techniques most
widely and effectively applied for clinical research because
of its noninvasiveness and safety. Moreover, morphologi-
cal, functional, and molecular information can be easily
provided together using MRI. Thus, tissue engineers have
often used MRI to explore clinical approaches. For in-
stance, morphology of tissue-engineered pulmonary valves
implanted in patients as an improvement for pulmonary
valve replacement was monitored using MRI and thick-
ening of the wall of the constructs was detected from the
patients with graft failure.’” Neovascularization inside the
tissue-engineered constructs, implanted as bone substitutes

FIG. 5. MR imaging to
evaluate tissue-engineered
scaffolds and wound healing.
(A) Cartilage-sensitive MR
imaging to evaluate healing
within a bone defect model
following delivery of throm-
bin peptide (TP)-508 within
PLGA microspheres. Rep-
rinted with permission from
Kim et al.** (B) MR imaging
of SPIO-labeled chon-
drocytes seeded in poly-
vinylidene difluoride
hydrogels at 0 and 30 days.
Reprinted with permission
from Ramaswamy et al.

(C) Nondestructive monitor-
ing of mesenchymal stem
cells-based tissue-engineered
constructs using high-
resolution magnetic reso-
nance elastography (MRE).
Reprinted with permission
from Othman et al.>> Color
images available online at
www liebertpub.com/teb
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to augment maxillary sinus, were assessed by dynamic
contrast enhanced MRI.®

Ultrasound imaging

Ultrasound imaging has been a popular diagnostic tech-
nique due to high biocompatibility, excellent temporal res-
olution, reasonable penetration depth, portability, and low
cost.”” Ultrasound waves are generally transmitted by a
single-element or an array transducer, then reflected and
backscattered ultrasound waves can be received by the
transducer. Penetration depth and spatial resolution of ul-
trasound imaging are scalable, and thus ultrasound imaging
can be used for various applications from small-sized scaf-
folds to clinical research.

The contrast of conventional ultrasound images originates
from the difference in the acoustic impedance, which is de-
termined by the density and bulk moduli of the medium.
Therefore, ultrasound imaging can easily offer mechanical and
morphological information of tissue-engineered constructs
in vitro and in vivo. Quantitative analysis of gray-scale values
of ultrasound scans has been used to evaluate the collagen
content of fibrin-based tissue-engineered structures®® and
mineralization in collagen hydrogels (Fig. 6A).%" Degradation
measurements of chondrocyte encapsulated hydrogels were
explored in vitro by analysis of the speed of sound and slope
of attenuation in the gels.®* Also, using high-frequency ul-
trasound microscopy, mechanical properties and their locali-
zation in the sections of tissue-engineered cartilage were
examined after transplantation of the constructs in the sub-
cutaneous areas of nude mice for 2 months.*> Moreover, ul-
trasound imaging has been clinically used to evaluate the
atherosclerotic evolution in coronary bifurcations after im-
plantation of a bioresorbable scaffold using serial intravascu-
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lar ultrasound examination.** McAllister et al. reported the
clinical results of mechanical stability and effectiveness of
autologous tissue-engineered vascular grafts implanted as ar-
teriovenous shunts in patients with end-stage renal disease.®®

Conventional ultrasound imaging is effective to visualize
basic tissue morphology, but it is highly restricted for
quantitative measurement of tissue mechanical properties
because the contrast of soft tissue is limited due to a rela-
tively small range of bulk moduli. To overcome the limi-
tation of quantification of tissue mechanical properties,
ultrasound elasticity imaging (or ultrasound elastography)
can be used. Ultrasound elasticity imaging provides more
accurate and quantitative information about the mechani-
cal properties of biological tissue and possibly tissue-
engineered constructs.®®~% Several ex vivo studies verified
that high-resolution ultrasound microscopy can assess
surface irregularities and changes in the morphology and
nonlinear elastic properties of engineered oral mucosal
tissues.”%’? In addition, ultrasound elasticity imaging was
used for in vivo studies to noninvasively assess temporal
mechanical property changes in biodegradable polyure-
thane scaffolds implanted in the rat muscular abdominal
wall for up to 12 weeks, as shown in Figure 6B.73

In addition to mechanical and morphological properties,
functional information can be provided in vivo using Doppler
ultrasound imaging because Doppler ultrasound imaging is
capable of visualizing local fluid flow noninvasively. Also,
exogenous contrast agents, mainly microbubbles, can enhance
the sensitivity of Doppler ultrasound imaging, so visualization
of microvasculature is possible. The function of acellular
vascular grafts with engineered collagen-elastin composites
implanted in the infrarenal position of the rats was evaluated
by measuring blood flood in the graft using Doppler ultrasound
imaging.”* Similarly, blood flow in an allogeneic tissue-
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FIG. 6. Ultrasound imaging of 3D scaffolds. (A) Characterization of mmeral content in collagen hydrogels using high-
resolution spectral ultrasound. Reprinted with permission from Gudur ef al.®" (B) Normalized strain maps laid over B-mode
ultraeound images of various polymer scaffolds implanted in abdominal wall defects. Reprinted with permission from
Yu et al.”® (C) Three-dimensional functional ultrasound imaging of three different liver matrix scaffolds following re-
seeding with hepatoblast-like cells and bioreactor cultivation to evaluate vascular architecture via contrast infusion. Re-
printed with permission from Gessner et al.”” Color images available online at www.liebertpub.com/teb
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engineered vascular graft implanted in patients with hemodi-
alysis was monitored over time to assess aneurysm or wall
degradation.”” Doppler ultrasound imaging with injection of
air bubbles was applied to demonstrate correct functioning of a
tissue-engineered heart valve based on a tubular leaflet design
and efficient replacement of the volume in a flow-loop biore-
actor.’® Moreover, microbubbles were injected into extracel-
Iular matrix scaffolds to ultrasonically assess flow rates, 3D
vessel network architecture, characterization of microvessel
volumes and sizes, and delineation of matrix from vascular
circuits, as shown in Figure 6C."’

Optical imaging

Optical imaging, especially optical and fluorescence mi-
croscopy, has been the most commonly used imaging
method for tissue engineers with high sensitivity and excel-
lent spatial resolution.” Also, various types of biomarkers can
be easily used with optical imaging to monitor intracellular
signaling and cellular interactions. Therefore, optical imaging
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is favorable for studies aiming for cellular/molecular infor-
mation. However, although many advanced optical imaging
methods have emerged, most applications of optical imaging
methods are restricted by photon scattering, which limits the
imaging ability at increasing depth.”*’®

Due to the penetration limit and invasiveness, optical
microscopy has been mostly limited to in vitro studies, ex
vivo verification including histology, or in vivo skin models
for tissue engineers. Nevertheless, optical microscopy can
be the best tool to distinctively visualize and assess mo-
lecular functionality of the tissue-engineered constructs
owing to excellent spatial resolution, availability of vari-
ous exogenous and endogenous contrast agents, and great
specificity. Therefore, in numerous tissue engineering
studies, fluorescence microscopy has been used to distin-
guish matrix and matrix-embedded cells and examine their
functionality.”®®" In comparison to conventional optical
microscopy, two- or multiphoton fluorescence microscopy can
reduce optical attenuation and background signals by multi-
photon absorption so that depth-resolved validation of the
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FIG. 7. Optical imaging to evaluate scaffold architecture and cell function. (A) In vitro tracking of adipose tissue structure
durin g%culture within perfusion chambers using two photon excited fluorescence imaging. Reprinted with permission from Ward

etal.

(B) OCT imaging to characterize EH-PEG hydrogels fabricated usmg dlfferent formulations in terms of volume porosity,

interconnectivity, and pore size. Reprinted with permission from Chen et al.” (C) In vivo monitoring of human adipose tissue-

derived stromal mesenchymal cell differentiation in subcutaneous 1mplanted demineralized bone matrix scaffolds using bio-

luminescence imaging. Reprinted with permission from Bago ez al. '

* Color images available online at www liebertpub.com/teb
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constructs are enabled with the penetration depth increased up
to ~500 um.>*** For instance, two-photon fluorescence mi-
croscopy has been successfully applied to visualize the struc-
ture of polymer gels and engineered tissue at different depths,
even in a bioreactor system (Fig. 7A).5*% Also, mesenchymal
stem cells embedded in various environments such as silk,85
chitosan,86 acellular scaffolds,87 and rat skin®® were monitored
using two- or multiphoton fluorescence microscopy.
Macroscopic visualization is also available with fluores-
cence probes emitting in the near-infrared (NIR) region
where deeper penetration depth can be achieved with low
optical absorption in the tissue.®® For instance, biodegrad-
able scaffolds containing NIR fluorophores were subcuta-
neously implanted in mice and longitudinally monitored
in vivo over 28 days.”® Moreover, a bone-specific NIR-targeted
probe was used to longitudinally visualize mineralization of
tissue-engineered osteogenic constructs in vivo using NIR
fluorescence imaging.”’ However, spatial resolution can be
sacrificed by optical scattering and depth-resolved assessment
is complicated in macroscopic fluorescence imaging.
Recently, optical coherence tomography (OCT) has been
explored as an alternative optical imaging modality for var-
ious applications including tissue engineering. OCT is based
on interference and coherence between signals reflected from
the object and reference signals.”? Therefore, OCT is more
related to optical scattering from tissues than fluorescence or
optical absorption, which is adequate to provide anatomical
information of the object with sub-millimeter penetration
depth. As a result, in vitro studies using OCT demonstrated
the ability to quantify volume porosity and pore size of
macroporous hydrogel scaffolds nondestructively, as shown
in Figure 7B.”> Also, development of tissue-engineered skin
was monitored over time using OCT because it does not
require sectioning or staining of the samples, as in the case of
fluorescence microscopy. In addition, due to its relative
noninvasiveness, OCT has been applied to clinical studies,
especially including intravascular imaging. For example,
longitudinal imaging of neotima formation within patients
over 4 years, and visualization of implanted vascular scaf-
folds, has been performed using OCT.?+°7
Bioluminescence is another optical imaging technique
that uses an internal light source (from luciferin oxidized by
luciferase in the presence of ATP and oxygen) in compari-
son to other optical imaging modalities, which require a
light source outside the object.”®?° Various luciferase re-
porters can be used and introduced into cells in vitro, which
can then be incorporated in tissue-engineered constructs and
delivered into animals. The emitted light generated from
metabolically active cells is detected by an external photon
detector with high sensitivity due to very low background
noise compared with fluorescence imaging. Therefore, bio-
luminescence imaging is an excellent method for longitu-
dinal in vivo monitoring of cellular information in small
animal models, which is hardly achieved by other optical
imaging modalities. Specifically, proliferation and osteogenic
differentiation of luciferase-labeled mesenchymal stem cells in
scaffolds were successfully assessed over several weeks.'%*1*!
Moreover, using a hypoxia responsive element-luciferase,
hypoxia in tissue-engineered constructs was visualized
in vitro and in vivo using bioluminescence imaging.'** An-
other study showed the possibility of assessing polymer
concentration and structure of tissue-engineered scaffolds by
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monitoring adenoviral gene expression.'® In addition, bio-
luminescence imaging was used for in vivo monitoring of
differentiation and survival of stem cells labeled with lu-
ciferase and green fluorescence protein (Fig. 7C).'%*193
However, in spite of the advantages of bioluminescence
imaging, this technique is not appropriate for studies
requiring high spatial resolution (better than millimeter
level), quantitative analysis, and accurate 3D reconstruc-
tion. In addition, bioluminescence imaging is not applica-
ble for clinical applications because of safety issues for
bioluminescent reporter genes.

Photoacoustic imaging

In addition to the medical imaging modalities mentioned
above, there have been newly emerging imaging technolo-
gies to overcome the limitations of former methods. Photo-
acoustic (PA) imaging is one of the most promising alternative
imaging technologies that takes advantage of both ultrasound
and optical imaging using the conversion from optical to
ultrasonic energy.>106-109 Specifically, after nanosecond-
laser pulse irradiation, photon energy absorbed in the target
in biological tissue temporarily increases temperature and
induces thermoelastic expansion.'%'% The generated acoustic
wave can be detected by ultrasound transducers or other sen-
sors with piezoelectric materials. Because ultrasound scattering
is about three orders less than optical scattering, the penetration
depth of PA imaging can be significantly improved compared
with optical microscopy. Also, tradeoffs between the penetra-
tion depth and the spatial resolution is controllable depending
on the acoustic and optical design of the imaging system,
which widens the application range of PA imaging from
subcellular to the level of the whole animal.'®’ Moreover,
unlike ultrasound imaging, various options for endogenous and
exogenous contrast agents, such as hemoglobin, melanin,
metallic nanoparticles, and dyes, are available in PA imaging
so that functional and molecular/cellular information can be
provided using blood vessel imaging or labeled cell/protein
tracking.3-10%-110

PA microscopy with subcellular level of spatial resolution
within relatively low penetration depth (<1 mm) is a useful
tool for in vitro 3D nondestructive assessment of tissue-en-
gineered constructs. For instance, tissue-engineered polymer
scaffolds implemented with single-walled carbon nanotubes
were assessed better than micro-CT in terms of imaging con-
trast and quantitative analysis of the scaffold structure.'’'
Moreover, spatial distribution of various cells inside the tissue-
engineered constructs was successfully visualized over time
in vitro using dyes, gold nanoparticles, or strong endogenous
optical absorption of melanoma cells (Fig. 8A).1'27114 [n vivo
animal studies using multiple PA imaging systems have been
demonstrated, including a single element transducer-based
microscopy, linear array-based imaging, and tomography.
With its high spatial resolution and sensitivity, PA micros-
copy was useful to visualize vascularization and scaffold
degradation in the nude mouse ear model as shown in Figure
8B."'>!"° Linear ultrasound array-based PA imaging is ca-
pable of detecting a target at deeper regions than PA mi-
croscopy and thus can be applied for a rat model, having
been commonly used for tissue regeneration studies.!!”-118
For example, it was demonstrated that mesenchymal stem
cells labeled with gold nanospheres and delivered within
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FIG. 8. Photoacoustic imaging to track cells and monitor neovascularization. (A) In vitro photoacoustic microscopy
images to evaluate the distribution of melanoma cells seeded in PLGA inverse opal scaffolds under different culture

conditions. Reprinted with permission from Zhang ez al!

2 (B) Optical-resolution photoacoustic microscopy (top), OCT

(middle), and combined (bottom) images of neovascularlzatlon within inverse opal scaffolds implanted in a mouse ear

model. Reprinted with permission from Cai e al.'

> (C) Combined ultrasound and spectroscopic photoacoustic imaging of

gold nanoparticle-labeled mesenchymal stem cells intramuscularly injected within a PEGylated fibrin hydrogel. Reprinted
with permission from Nam et al.''® Color images available online at www.liebertpub.com/teb

ischemic muscle in PEGylated fibrin gel can be longitudi-
nally monitored in vivo as presented in Figure 8C.!1811°

Multimodal imaging

As described in Figure 2, each imaging modality has draw-
backs and there is not a single imaging modality that is ideal in
terms of providing all of the desired information. Consequently,
multimodal imaging can be one strategy to overcome limitations
of each imaging method and complementarily offer morpho-
logical, functional, and molecular information about tissue-
engineered constructs. In addition, the multimodal imaging
strategy tends to utilize synergetic features of different imaging
techniques. Recently, combinations of imaging modalities such
as CT/PET, CT/SPECT, MRI/CT, MRI/PET, MRI/fluores-
cence, ultrasound/PA, and PA/OCT, have been explored for
visualization of engineered tissue constructs in preclinical and
clinical applications. In addition to effective fusion of imaging
systems, contrast agents are also essential for multimodal im-
aging and various types of multimodal imaging contrast agents
have recently been developed.'?*'%!

CT/nuclear medicine is one of the most widely used mul-
timodal imaging strategies, especially for clinical use.**'*?
PET/CT or SPECT/CT can be effectively coupled with many
shared components, and it can be highly useful for tissue
engineering applications because PET and SPECT can pro-
vide functional information concerning cellular and tissue
function and CT provides structural information about the
surrounding tissue.*'** For instance, in vivo molecular im-
aging was performed with PET/CT to observe matrix me-
talloproteinase increase (PET) and corresponding bone

formation changes (CT) at different time points after BMP-
induced cell injection.'** Also, migration of '''In-oxine-
labeled human mesenchymal stem cells was successfully
monitored in vivo using SPECT/CT for 48 h after cell im-
plantation in the rat tibia.'*> In addition, MR imaging has
been complemented with other imaging methods such as
X-ray, PET, and optical imaging. Researchers have inves-
tigated the development of magnetic material-based multi-
modal contrast agents. For example, gold nanoparticles
complexed with gadolinium provide contrast for both X-ray
and MRI.'?® Moreover, radiolabeling of SPION using **Cu
allowed in vivo MRI/PET, and thus drawbacks including
low sensitivity for MRI and low spatial resolution for PET
were successfully complemented.!'?” In addition, extensive
studies have been devoted to iron oxide nanoparticles com-
bined with fluorescence or luminescence imaging agents for
the dual MRI/optical imaging method.'?3-139 PA imaging is
another strong candidate for multimodal imaging. It can be
effectively combined with ultrasound imaging due to simi-
larities of the two imaging systems, such as transducers and
data acquisition units.!%13! Therefore, fusion of ultrasoni-
cally acquired structural data and photoacoustically obtained
functional and molecular data can provide synergetic benefits
for a variety of applications that require noninvasive moni-
toring of implanted tissue-engineered constructs.''”''® Novel
dual contrast agents for combined ultrasound and PA imaging
have recently been developed by indocyanine green loading to
perfluorocarbon nanodroplets.'3? Also, hybrid PA imaging is
possible with other optical imaging modalities, such as OCT,
by sharing a photon delivery system to complement structural
information.'
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Conclusion

To fully evaluate tissue-engineered constructs and re-
generative medicine tools, it is often necessary to employ
advanced biomedical imaging technologies. Imaging and
subsequent analysis provides information about tissue-en-
gineered scaffolds and regenerating tissue, including mor-
phological changes and functional information, integration
with native tissue, growth factor release, cell incorporation
within scaffolds and tissue, and the therapeutic benefits
offered by these tissue-engineered techniques. This infor-
mation is desirable on many spatial scales, from subcellular
to whole animal analysis, and from applications ranging
from in vitro to in vivo, including clinical applications.
While many of the advanced biomedical imaging technol-
ogies offer various advantages over conventional tech-
niques, there is not a single imaging modality that provides
all of the necessary information. For example, nuclear
medicine and optical techniques provide high sensitivity
and functional information, but do not provide anatomical
information and can suffer from safety concerns or poor
imaging depth. On the other hand, radiographic and ultra-
sound imaging can provide anatomical information with
good resolution and imaging depth, but issues with mo-
lecular imaging agents limit the types of tissues that can be
imaged. Although MRI overcomes many obstacles related
to penetration depth and contrast, the low sensitivity, lim-
ited number of available molecular probes, and the high
cost associated with MR imaging hinder the use of MRI.
Thus, researchers are often forced to choose an imaging
modality based on the desired information and application,
knowing that not all information will be obtained. How-
ever, the emergence of multimodal imaging can help
overcome the drawbacks from individual imaging tech-
nologies by combining the desirable properties of various
imaging modalities. In addition, the development of ad-
vanced contrast agents that provide not only enhanced
contrast but also functional information has contributed to
the advancement of incorporating biomedical imaging and
tissue engineering. Overall, imaging technologies can assist
in advancing tissue engineering strategies forward and to-
ward clinical applications.
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