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Abstract
Biomaterials are employed in the fields of tissue engineering and regenerative medicine (TERM)
in order to enhance the regeneration or replacement of tissue function and/or structure. The unique
environments resulting from the presence of biomaterials, cells, and tissues result in distinct
challenges in regards to monitoring and assessing the results of these interventions. Imaging
technologies for three-dimensional (3D) analysis have been identified as a strategic priority in
TERM research. Traditionally, histological and immunohistochemical techniques have been used
to evaluate engineered tissues. However, these methods do not allow for an accurate volume
assessment, are invasive, and do not provide information on functional status. Imaging techniques
are needed that enable non-destructive, longitudinal, quantitative, and three-dimensional analysis
of TERM strategies. This review focuses on evaluating the application of available imaging
modalities for assessment of biomaterials and tissue in TERM applications. Included is a
discussion of limitations of these techniques and identification of areas for further development.
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1. Introduction
Researchers in the fields of tissue engineering and regenerative medicine (TERM) are
investigating new techniques for the regeneration, replacement and repair of lost or damaged
tissues. These approaches are designed to restore tissue function and/or structure. While the
specifics of a given strategy may vary, an approach typically involves some combination of
biomaterials, cells, and inducible factors that are expected to generate tissues in bioreactors
and/or following implantation in vivo. The unique environments resulting from interfaces
between biomaterials, cells, and tissues found in TERM applications result in distinct
challenges in regards to monitoring and assessing outcomes.

Imaging technologies for three-dimensional (3D) analysis have been identified as a strategic
priority in TERM research and are required for acceleration of progress in the field [1].
Traditionally, histological and immunohistochemical techniques have been used to evaluate
engineered tissues. However, these methods do not allow for an accurate volume
assessment, are destructive, and do not provide information on functional status. There is a
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great need for the development and evaluation of 3D imaging tools that enable quantitative
analysis of engineered tissues. Many imaging techniques exist, but when applied using
standard methods may not provide the information required for assessment. The need for
improved methods is well-known in the field, and researchers have begun to address some
of the challenges. However, there has been little presentation in the literature of neither the
unique aspects of this challenge nor discussion of the advantages/disadvantages of existing
methods and those under development. In this paper we seek to present these issues as a
means of guidance and for promoting discussion amongst researchers in the fields of
biomaterials and TERM.

1.1. Imaging tasks
The primary imaging challenges in TERM depend, in part, on the therapeutic approach
under investigation. While there is significant variability within a given approach, they can
be placed in four generic categories as related to imaging needs (Fig. 1): 1) Regeneration
that is based exclusively on the transplantation or injection of cells. The cells can be isolated
from a variety of sources, can be a combination of multiple cell types, and may be modified
in some way (e.g. gene transfer). Regardless, the cells are expected to stimulate growth and
functional improvement via release of soluble signals, production of extracellular matrix
(ECM), and/or differentiation and incorporation into new tissues. 2) Cell-free approaches
where biomaterials are implanted and induce cell recruitment, proliferation, or healing either
directly or through the release of therapeutic factors. 3) Combined techniques where cells
and biomaterials are organized in a defined way and then implanted as a single unit. 4)
Bioreactor-based approaches where tissue formation is initiated and optimized in controlled
in vitro settings prior to implantation in the body.

Generic imaging needs can be identified that are applicable to one or more of the
approaches. For techniques involving biomaterials, the ability to quantitatively evaluate the
3D structure of scaffolds used is important prior to application, in bioreactors and within
tissue. While imaging materials for characterization prior to application is relatively well-
developed, it is often difficult to visualize the 3D structure of a degradable scaffold as it
interacts with cells and tissue in TERM applications. For methods based on cell delivery, it
may be important to track the location, differentiation and function of these cells within the
engineered tissues and potentially in ectopic regions. Both tracking of cells and biomaterials
is important, but the ultimate imaging goal of any application is examination of the structure
and function of the tissue response generated following application of these therapies. There
are several imaging modalities that have been investigated for specific TERM applications.
This review will focus on available imaging modalities summarizing how they have been
employed to address imaging challenges in TERM as well as discussing their limitations and
potential for further development.

1.2. Imaging modalities
All forms of imaging require interactions of electromagnetic or mechanical energy with an
object. Images are generated by measuring changes in the energy due to absorption,
refraction, or scatter resulting from these interactions. The imaging depth, contrast, and
spatial resolution achieved by a given imaging modality are largely based on the type and
frequency of energy employed. Imaging depths range from less than a hundred microns to
the entire body, while spatial resolution ranges from submicron to a few millimeters (Fig.
2B). This review will focus on six wavelength, or equivalently, frequency, ranges of
electromagnetic or acoustic radiation and the imaging modalities that use them, namely:
Ultrasound (US), Photoacoustic Microscopy (PAM), Magnetic Resonance Imaging (MRI),
Optical Imaging, X-ray Imaging, and Nuclear Imaging.
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2. Ultrasound
Conventional ultrasound (US) imaging (1–50 MHz) utilizes acoustic waves produced by a
transducer that travel through the medium to a specific focusing depth. The transducer not
only generates energy but also acts as a receiver of the returning signal. Contrast results
from differences in ultrasonic reflectivity, and an image is generated based on the time
required for the wave to echo back as well as the strength of the signal received. This
process can be repeated at several depths in order to produce a 3D map of the object.
Various US imaging schemes have been applied to assess biomaterials, engineered tissue
constructs, cells, and newly formed tissue.

Clinically, US has been used for decades to image flow in blood vessels. Similarly, it has
been applied for the evaluation of patency and flow in tissue engineered vascular grafts in
vitro and in vivo [2–6] (Fig. 3A). In many TERM applications, it is important to go beyond
assessment of large vessel function and evaluate the structure of microvascular networks
within tissue [7]. This structure is essential to proper tissue function. Intravascular injection
of microbubbles can enhance US contrast, allowing imaging of small vessels typically
invisible in US [8]. Power doppler US imaging has been applied to detect vessels 100–150
microns in diameter. While not capable of directly imaging microvessels smaller than 100
microns, regions of increased vascularization can be identified based on aggregate signals
resulting from microbubbles present in multiple small vessels [9]. Recently, US with
microbubbles has been applied toward the assessment of vascularization of hydrogels in
vivo [10].

US imaging has been applied directly to the evaluation of engineered tissues and
biomaterials. Changes in US attenuation possibly resulting from ECM deposition have been
used to evaluate the formation of engineered cartilage in vitro [11–14], and the distribution
of mineralization in collagen hydrogels has also been tracked based on US attenuation [15].
Longitudinal assessment of adipose tissue engineering [16] and ischemic cardiac tissue
regeneration [17] has also been performed with US imaging. US can also be applied to map
viscoelastic properties of materials and tissues. The technique, known as US elastography,
exploits changes in the US speckle pattern following application of a known force to map
tissue displacement and estimate viscoelastic properties of the sample [18–20]. US
elastography can be used to track degradation of polymer scaffolds in vitro (Fig. 3B) and in
vivo based on changes in compressive moduli as the material degrades [21,22]. While
interesting, this method requires the ability to apply a known force to the tissue and
measuring the resulting deformation, which is not possible for many tissue locations.

These are some examples in which US imaging has been used to track tissue development,
monitor biomaterial degradation, and assess the function and structure of vasculature.
However, this imaging modality can be hindered by speckle noise and limited soft tissue
contrast. Moreover, there exists a direct tradeoff between imaging depth and spatial
resolution. Imaging at lower frequencies (1 MHz) allows deeper penetration into the sample
(~3 cm), but reduces spatial resolution to a few hundred microns [23]. While conventional
medical US imaging can penetrate much deeper, the resulting spatial resolution no longer
provides the details needed for evaluation of TERM applications. Higher frequency sound
waves (50 MHz) have a smaller wavelength and thus are capable of reflecting or scattering
from smaller structures (20 microns), but are more easily absorbed by tissues limiting the
imaging depth to a few millimeters [23].

3. Optical imaging
Optical imaging is a general term used to describe systems that measure the interaction of
infrared (300 GHz–430 THz, 700 nm–1 mm), visible (430–790 THz, 380–700 nm), or
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ultraviolet light (790 THz–30 PHz, 10–300 nm) with matter. Depending on the imaging
system, the techniques measure scatter, absorption, or luminescence of light that is either
transmitted through, or reflected out, of the sample. Properties of the light source, both
wavelength and intensity, control the depth of penetration and therefore the size of the
volume that can be imaged. Optical imaging techniques can have high spatial resolution
capable of visualizing cells and subcellular features but are often limited in regards to the
volumes/depths that can be imaged.

Optical microscopy is usually characterized as a two-dimensional imaging technique that
involves transmission of visible light through a very thin object. The absorbance, scatter, or
interference of the light can be detected to provide high resolution contrast of cellular and
subcellular structures. While this method is used in nearly every biological laboratory, it is
limited for 3D imaging due to contributions of out of focus light from outside the focal
plane, which restricts the thickness of the sample that can be imaged. Digital deconvolution
methods have been developed that enable extension of these standard transmitted light
methods to 3D [24]. This advancement permits imaging of thicker samples, around a couple
hundred microns depending on the opacity of the sample, and can be used to image cellular
and material structures without the use of exogenous contrast agents.

Even with the most optimized deconvolution algorithms, there are still limits on the
thickness of the sample being imaged. Fluorescence imaging has expanded light microscopy
enabling extremely high spatial resolution (submicron) and significantly increased imaging
depths. Fluorescent labeling techniques enable a broad diversity of imaging, including
cellular interactions, tissue function, and overall structure. In some cases fluorescence
microscopy can take advantage of naturally occurring fluorophores to monitor cells,
engineered tissues, and biomaterials without the requirement of exogenous labels.

Wide-field epifluorescence microscopy is readily available in most wet laboratories, but is
limited in volumes imaged even when combined with deconvolution methods. Confocal
Microscopy (CM) is a fluorescence imaging technique that utilizes a laser point source to
scan the sample and a pinhole to reduce collection of light from outside the focal plane.
Samples can be scanned at multiple depths to create a 3D volumetric image. This system
allows for deeper imaging with depths up to 350 microns depending on sample properties
[25]. Greater imaging depths can be achieved using multiphoton fluorescence microscopy
(MFM). In MFM, simultaneous excitation at multiple long wavelengths results in
fluorescence. This allows for greater imaging depth, up to one millimeter, while maintaining
subcellular spatial resolution [26]. Many TERM studies have taken advantage of the benefits
of fluorescence to evaluate strategies in TERM with volume and spatial resolution
dependent on the specifics of the microscopy system used.

Fluorescence microscopy is often used to study engineered tissues in vitro. Using
fluorescent stains, cells can be observed in dense polymeric scaffolds up to 1 mm thick [27]
and the structure of vascular networks imaged [28]. Cell viability within 3D scaffolds can be
evaluated based on autofluorescence resulting from intracellular NADH [29]. In addition,
fluorescent molecules can be used to track tissue function. Voltage sensitive dyes have been
used to label cells to optically map arrhythmias within tissue cultures [30]. The natural
fluorescent properties of materials can enable imaging of tissue or material structure.
Collagen structure can be imaged based on reflectance of visible light at 488 nm [31] and
within the 700–1000 nm range using second harmonic generation (SHG) microscopy [32–
34]. Collagen crosslinks exhibit fluorescence that can be used to image ECM structure in
tissue [35]. Some synthetic polymers also exhibit inherent autofluorescence which can be
exploited to image 3D structure (Fig. 4A) and monitor degradation of scaffolds used in
tissue engineering applications [36].
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These techniques can also be applied for imaging cells and scaffolds in vivo. Many different
cells have been labeled with fluorescent markers, transplanted, and tracked in small animals
[37]. However, the imaged tissue must be near the surface and/or prepared in a special
optically transparent window chamber. Hydrogel scaffolds are a particularly difficult
imaging challenge due to their high water content. Modification of hydrogels with a
fluorescent tag enables monitoring of degradation in vitro and in vivo in a subcutaneous
implant [38]. The ability to separate fluorescence at multiple wavelengths enables
simultaneous imaging of multiple cells, tissue structures, and/or materials. Fluorescently
labeled cells have been visualized within autofluorescent scaffolds in vitro [26] and in vivo
[39]. MFM and SHG have been combined to allow non-destructive high resolution detection
of molecular interactions of cells with ECM, visualization of ECM structure formation [40],
and collagen deposition on scaffolds [32]. Additionally, MFM has been used to detect
labeled elastin [41] or autofluorescent proteoglycan [34] with simultaneous SHG imaging of
collagen allowing a detailed characterization of ECM structure in engineered cartilage. SHG
has also been combined with MFM to simultaneously examine ECM production and
Mesenchymal stem cell (MSC) differentiation based on the relative expression of natural
fluorophores (NADH, lipofuscin, and flavoprotiens) [33]. MFM can be employed for
metabolic imaging of cells on a tissue engineering scaffold based on NADH and FAD
autofluorescence to estimate metabolic activity [42]. A number of sophisticated molecular
imaging techniques have been developed and applied for analysis of tumors, including
methods that allow quantification of in vivo receptor binding potentials [43]. Approaches
such as these could provide important insight into TERM applications but have not yet been
applied to biomaterial systems. Fluorescence microscopy is mostly effective for in vitro
imaging of cells, scaffolds, and engineered tissue formation. However, these materials must
exhibit fluorescence, either naturally or via the incorporation of labels. CM and MFM have
shown some promise for in vivo TERM imaging but typically require ectopic models that
are close to the surface rather than deep inside the body.

Optical Coherence Tomography (OCT) is an optical method analogous to US imaging but
with light waves which allows imaging greater tissue depths. A lens focuses light at a
designated depth and the measured echo time delay and magnitude of light is detected. This
is compared to the original wave in order to generate a 3D mapping of the optical scattering
of the sample. There are several different imaging schemes that can be used depending on
the geometry and wavelengths of the beam [44]. OCT can image samples up to 2–3 mm
thick but spatial resolution diminishes from 1 to 15 microns as depth increases [25,45].

OCT has been used extensively to image cells, track cell migration, visualize cell location,
and examine tissue deposition on tissue engineered scaffolds in vitro. Time Domain OCT
can be used for noninvasive imaging of the porous structure of polymer foams seeded with
cell aggregates (Fig. 4B). Using this method, pores in the polymer were initially clearly
identified, but as cells proliferated and produced ECM the pores were no longer visible and
imaging depth was reduced [46]. OCT has also been utilized to image changes in optical
attenuation of cells cultured in agarose gels [47]. Whole-field OCT has been used to observe
cell morphology in in vitro engineered bone tissue [46]. In this case, cells were labeled with
magnetic beads in order to increase visibility [46]. OCT has been used to study cell
distribution and migration within polymer scaffolds [48,49] and to examine cell–material
interactions [27,48,50]. OCT can be combined with fluorescence imaging techniques to
enhance cell visibility within scaffolds [48,50,51]. This approach has enabled the study of
cell morphology as a function of feature size of the scaffold structures [50,51].

OCT has proven to be a useful tool for monitoring engineered tissues in bioreactors. Doppler
OCT allowed for simultaneous imaging of perfusion and tissue architecture in a tissue
engineered artery [52,53]. It can also be used to map local fluid flow and shear stress within
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a porous construct [54]. The addition of gold nanoparticles to the perfusion fluid in a
bioreactor enhances OCT contrast and allows greater detail into flow dynamics [44]. OCT
was also used to longitudinally characterize microchannel scaffolds seeded with cells
[55,56]. Different culture conditions were compared and assessed for cell density and ECM
deposition determined by OCT. Porous structure was easily identified until the channels
were populated completely by cells [55]. Collagen gels seeded with tenocytes were also
imaged with OCT in order to observe fiber arrangement and development in a flow chamber
[57].

Polymer scaffolds exhibit contrast in OCT that has been used to track structure in vitro and
in vivo. Changes in construct architecture of both acellular dermis and cell seeded collagen
gels have been imaged with OCT for engineered skin applications [44,58,59]. OCT has also
been applied for in vivo imaging of hydrogels for wound healing applications [39] as well as
following injection into the vitreous of the eye [60]. Recently, Optical Coherence
Elastography (OCE) has been examined for the characterization of biomaterials [61].
Similar to US Elastography, OCE maps the elastic modulus of a sample based on changes in
optical scattering following an applied stress [61]. This technique can be used to monitor
changes in stiffness of engineered tissues resulting from cell proliferation and increased
production of ECM [48,62].

Bioluminescent Imaging (BLI) is a technique that detects light emitted from biological
samples. BLI requires the introduction of luciferase into either the animal or cells (Fig. 4C).
In many studies BLI is used to track cells following implantation. Luciferase transfection of
MSCs allowed identification of cell location following injection [63,64]. Stem cell viability,
proliferation, and migration on various polymer scaffolds have been monitored
noninvasively for months using BLI [65–67]. BLI was also employed to monitor stem cell
proliferation on polymer scaffolds in a bioreactor [66]. Bone tissue engineering strategies
have used mice genetically modified to express luciferase during bone formation [63,64], as
well as luciferase transfected stem cells [68–70] to examine tissue engineered bone.
Exploitation of tissue-specific luciferase reporters can be used to examine MSC
differentiation in tissue engineering environments [71]. BLI allows for noninvasive,
longitudinal imaging of cells and engineered tissue in vivo and, depending on the promoter
used, can provide functional information. However, the technique requires the introduction
of a luciferase gene and does not give three-dimensional spatial information.

Applying multiple optical imaging techniques to the same sample can produce both
structural and functional information. Prevascularized tissue constructs implanted in dorsal
window chambers of immunodeficient mice were monitored for two weeks using intravital
microscopy, multispectral imaging, and laser speckle imaging. These three techniques
combine to provide images of vessel morphology, blood flow, and hemoglobin oxygen
saturation. The flow maps showed that perfusion did not persist due to thrombi formation, a
result that could not be seen in the structural images alone [72]. Using optical techniques to
map function proved to be a novel way to identify a failure mechanism of the tissue
engineered construct.

Optical imaging techniques have been widely used in TERM applications but still have
limitations primarily in regards to imaging depth. Some newer systems have been developed
to try to overcome this limitation. A technique based on laminar optical tomography has
been used to image thicker collagen scaffolds (3 mm) seeded with cells labeled with a
fluorescent maker [73]. Bioreactor systems have been imaged by incorporation of micro-
imaging channels with fiber optics into biomaterials. Fluorescently labeled cells could then
be seen through a 3 mm thick sample [74,75]. While these examples do increase imaging
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depth, they are still limited in regards to the volume required for imaging samples within
animal models.

4. Photoacoustic microscopy
Photoacoustic microscopy (PAM) is a rapidly emerging hybrid modality that combines
optical image contrast with US detection principles [76]. The goal of PAM is to estimate an
object’s spatially variant absorbed optical energy density from measurements of pressure
wavefields that are induced via the photoacoustic effect. Because the optical absorption
characteristics of tissue vary strongly with hemoglobin content, knowledge of the absorbed
optical energy distribution can yield both structural and functional information.

In PAM, short pulses of near infrared energy are delivered to an object. The optical energy
is absorbed rapidly and converted to heat, which creates sound waves that can be detected
by a US transducer [77]. Large tissue image contrast is created by differences in optical
absorption. However, because US waves are the detected signal, PAM overcomes some of
the imaging depth limitations of pure optical techniques. Due to these advantages, PAM has
shown promise for imaging in TERM applications.

PAM has been successfully used to resolve vasculature in rodents brains [78] and
angiogenesis in tumors [79–81] in vivo. Since, oxyhemoglobin is a strong absorber of light
at certain wavelengths (570 nm, 900 nm, 1064 nm), scanning at those wavelengths allows
imaging of oxygenated blood and therefore functional blood vessels. Neovascularization
into porous polymer foams implanted in mice ears was monitored over a six-week time
period using PAM, with capillary level resolution [82] (Fig. 5A). Contrast agents, especially
gold particles, can be introduced to enhance image contrast in PAM [77] and have been used
to help visualize cells and vasculature. Targeting gold nanoparticles to specific tissues
allows the use of spectroscopic PAM for simultaneous imaging of vasculature and tissue
structure. Imaging at various wavelengths allowed separate mapping of blood oxygen
saturation and nanoparticle distribution [83]. Gold nanoparticles have also been targeted to
endothelial cells to enhance visualization of angiogenesis with PAM as demonstrated in vivo
in a hydrogel scaffold containing FGF-2 [84]. PAM can also be used for monitoring cells
seeded on porous polymer scaffolds and cultured in vitro in order to compare cellular
distribution and tissue formation between different culture conditions [85].

PAM can be used in conjunction with US imaging to acquire separate volumes of different
image contrasts. Stem cells labeled with gold nanotracers and suspended in hydrogels were
monitored both in vitro [86,87] and in vivo [87] using this approach. Relatively low
concentrations of cells could be detected (down to 1 ×104 cells/mL) [87]. The multimodal
US/PAM system could identify hydrogel boarders and volume change in vitro [86] (Fig.
5B); however, this could not be achieved in vivo [87]. US/PAM system has also used to
monitor vascular ingrowth into explanted MSC seeded hydrogels [88].

PAM addresses a number of shortcomings of US and optical imaging methods and shows
significant potential for tracking cells and monitoring engineered tissues. However,
longitudinal studies may be difficult since signals are dependent on local laser fluence which
changes with tissue growth and repositioning of samples/animals between imaging sessions.
Also, while PAM shows improvements over the depth and resolution issues of US and
optical methods, for TERM applications PAM is still limited in regards to tissue penetration
as maximum depth is on the level of several millimeters.
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5. Magnetic resonance imaging
Image contrast in magnetic resonance imaging (MRI) is typically related to differences in
the proton density in a sample. A large magnetic field, ranging from 1.5 to 11.7 T, is applied
to the sample aligning the majority of the nuclei in the direction of the field. Radiofrequency
pulses are applied to alter the magnetization systematically generating rotating magnetic
fields that can be measured. Protons in different materials and conditions realign at different
rates generating image contrast. Many pulse frequency patterns can be applied to create
images based on different contrast mechanisms including T1 and T2 relaxation times,
diffusion weighted, proton density, and magnetic transfer ratio (MTR). Using these different
schemes, MRI can provide both anatomical and functional information [89].

MRI possesses excellent soft tissue contrast allowing for soft tissue segmentation and
volume quantification making it very valuable for TERM applications. Adipose can be
easily identified from other tissues using T1 weighted images [90,91], and this has been
exploited for monitoring of the development of engineered adipose tissue [92,93]. MRI has
also been used to differentiate between newly formed bone, adipose, and residual scaffold in
a tissue engineered phalange model based on the combination of multiple contrast
mechanisms [94] (Fig. 6A). MRI has been successful in imaging changes in bioprosthetic
heart valves prior to failure [95] which is important in predicting the life expectancy of the
implant.

Contrast enhancement can be used to further expand the capabilities of MRI. The most
popular contrast agents for TERM applications are Super Paramagnetic Iron Oxide
Nanoparticles (SPIONs). SPIONs produce regions of low intensity in MRI images. It is
relatively straightforward to label cells with SPIONs, which enables visualizing and tracking
both in vitro on scaffolds and in vivo with MRI. A wide variety of cells have been
successfully labeled with SPIONs including MSCs, neural stem cells, human adipose-
derived stromal cells (ASCs), chondrocytes, macrophages, and smooth muscle cells
[64,89,96–107].

SPION labeling has been combined with MRI to study cell distribution in polymer scaffolds
(Fig. 6B) [96,102,104,106,108,109] and to noninvasively monitor their presence in
engineered tissues in vitro [98,103]. MRI has also been used to track localization of SPION
labeled cells to damaged tissues [64,97,105] or areas of inflammation [107] following
intravascular injection in small animal models. SPION labeled cells seeded in polymer
systems and implanted in vivo have been imaged with MRI to determine if the cells are
maintained in the target location [64,96,99–102,104]. These investigations demonstrate the
successful labeling of cells to increase contrast in MRI images. However, it still remains to
be demonstrated conclusively that the incorporation of the iron oxide nanoparticles does not
alter cell behavior. Labeling and tracking of cells have not been the only use for SPIONs as
a contrast agent for MRI. In one application, SPIONs were functionalized to bind to specific
macromolecules within degradable hydrogels. This enabled imaging of the hydrogels
following subcutaneous implantation in order to monitor material degradation [110].

MRI has been used as a tool to characterize engineered cartilage in vitro.
Glycosaminoglycan (GAG) content in chondrocyte seeded hydrogels cultured in a
bioreactor were monitored using gadolinium enhanced MRI [111–113] while mechanical
properties of the samples were mapped using MR elastography [111]. Changes in T2
weighted images have been used to characterize chondrocytes seeded on constructs for
engineered cartilage [114–116]. Cartilage is particularly difficult to image in vivo. However,
MRI can be used to assess the GAG content of cartilage with gadolinium enhanced MRI. In
this technique, T1 weighted images are taken before and after injection of GdDTPA2− and
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the fixed charge density can be estimated and correlated to GAG content [113,117]. GAG
content plays a role in cartilage tissue strength so this technique can provide insight into
cartilage function. This method has been used to study native cartilage in both healthy and
diseased tissues of human and animals [92,112]. In addition, studies of cartilage
regeneration have been quantitatively compared to normal hyaline cartilage using
gadolinium enhanced MRI [118] or T2 weighted images (Fig. 6C) [119,120]. MRI has been
employed to characterize cell seeded scaffolds in vivo for cartilage engineering applications
using T1 weighted images [121].

MRI has been applied frequently for functional and molecular imaging of vascularization.
MRI can be used to quantify new vessel formation based on changes in total blood volume
[122]. Hydroxyapatite scaffolds coated with growth factors were imaged in the groins of rats
for three months with dynamic contrast enhanced MRI monitoring changes in vascularity
over time [123]. A similar approach MRI has also been used to study vascularization in
hydrogels [124–126]. Vascular hyperpermeability is a marker of abnormal vascularization
response and can be evaluated in MRI with contrast agents (albumin-GdDTPA) [127].
SPIONs can be covalently bonded to substrates such as anti-VEGF antibodies in order to
enhance detection of angiogenesis with MRI [128,129].

MR microscopy has been employed to generate high resolution (5–10 μm) images of
engineered tissues and biomaterials. Changes in collagen and mineral content in an
osteoblast-seeded bioreactor could be detected using different contrast schemes. In proton
density images, the lowest signal indicated highest mineralization and in MTR images, high
signal signified areas of high collagen content [130]. The structure of hydrogel
microcapsules has been quantified and tracked over a month in culture using MRI [131].
MR elastography was used to quantify the difference in stiffness between hydrogel seeded
with MSCs cultured for osteogenic and adipogenic differentiation both in vitro and in vivo
[132]. Recently, collagen fiber orientation of arteries has been mapped using diffusion
tensor imaging (Fig. 6D). This is similar to data that can be extracted using SHG imaging
[133]. However, MRI can be used to image greater depths and much larger volumes.

MRI has been employed extensively to image biomaterials and engineered tissues. It has the
capabilities of tracking cells both in vitro on tissue engineered constructs and in vivo using
contrast agents. ECM deposition and mineralization in bioreactors can be visualized and
quantified as well as biomaterial architecture. Many different engineered tissues have been
monitored for anatomical structure and vascularity. While the contrast agents used are non-
toxic, conformation on proper cell/tissue differentiation/function in the presence of these
agents is still needed. Determination of safety is vital to any future clinical use of these
contrast agents. In addition, while imaging depth is high with MRI, spatial resolution is on
the order of hundreds of microns. Better scanners are under development but, typically,
spatial resolution is inversely proportional to the field of view. Higher resolution requires
scan times of several hours, which can become problematic for in vivo imaging.

6. X-ray imaging
X-ray imaging exploits variations in the X-ray absorption, refraction, and/or scattering
properties of an object to form image contrast. Most diagnostic X-ray imaging methods
utilize higher energy photons (>15 KeV) that have the capability to penetrate through the
entire body. Imaging in computed tomography (CT) mode allows for creation of 3D images
of the sample. Spatial resolution of X-ray imaging is a function of spot size of the X-ray
tube source, or more generally the X-ray beam coherence properties, and the detector
properties, but nanometer scale resolution has been achieved [134].
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MicroCT (μCT) has been used to image the internal structure of a wide variety of tissue
engineering scaffolds prior to use. This technique allows for the non-destructive
quantification of scaffold porosity, average pore size, interconnectivity, and other features
that are important to control for TERM applications [135–149]. Repeated scanning at
different time points permits visualization of how these features of constructs change
following degradation in vitro [150–153]. Since X-ray absorption-based contrast between
soft tissues and biomaterials can be very low, imaging is often performed on freeze-dried
samples or under dry conditions rather than under standard culture conditions.

Characterization of tissue engineered bone is the most popular use of μCT due to the highly
absorbing properties of mineralized tissues. Repeated scans of cell seeded constructs in
culture conditions allow quantification of spatial distributions of mineralization over time
[154,155] and within hydrogels [156]. Differences in mineralization due to scaffold
thickness and culture conditions (static vs. perfusion) can be quantified from μCT scans at
different time points [157]. μCT allows for noninvasive, non-destructive comparison of
mineralization based on in vitro culture conditions.

X-ray-based imaging has also been used extensively to monitor and study in vivo bone
tissue engineering using many different biomaterials and animal models. Some studies
involve mCT imaging of explanted samples, allowing the segmentation of scaffold, old
bone, and newly formed tissue [94,158–161], while others only imaged the newly formed
bone [162–164]. Ex vivo imaging has been used to analyze osteointegration of implants in
bone [165,166]. Multiple longitudinal in vivo μCT studies have been performed to monitor
bone formation in implanted scaffolds and to compare conditions of growth factor and cell
incorporation [123,166–169] (Fig. 7A). Some methods are able to separate scaffold from
newly formed bone using μCT but this depends on the biomaterial used and is particularly
challenging with bioceramics [170].

In addition to visualizing tissue engineered bone, researchers have sought to characterize
neovascularization within engineered tissues. This can be achieved using μCT enhanced
with contrast agents such as Microfil or barium sulfate [171–173]. Microfil is a radiodense
cast that polymerizes within vessels to display the 3D vascular structure but requires post
mortem evaluation. Many studies image samples before and after decalcification in order to
gain knowledge on both the newly formed bone (prior to decalcification) and blood vessels
(with contrast and after decalcification) [174–176]. Using a synchrotron source for radiation
permits the segmentation of bone and microfilled vessels without the decalcification [170].
μCT has also been utilized to evaluate integration of blood vessels and neural tissue in
polymeric scaffolds [177].

Contrast agents have been developed to enable μCT imaging of engineered soft tissues.
Staining collagen with heavy metal contrast agents displays 3D structure of scaffolds
[178,179]. However, the contrast agents can often be toxic, rendering those scaffolds no
longer usable. Using high resolution μCT (1.65 microns) stem cells labeled with magnetic
nanoparticles could be identified within skeletal muscle after an intra-arterial transplant
[180]. Cells seeded on porous scaffolds can also been identified following osmium tetroxide
staining and drying allowing study of cell location and distribution [181]. Synchrotron-based
μCT has been implemented to visualize individual cartilage cells on porous scaffolds by
staining with Au/Ag [182]. μCT has also been employed to monitor a tissue engineering
scaffold implanted in the abdomen of rats for six months [183]. Finally, cartilage can be
imaged by detecting proteoglycan (PG) content based on the equilibrium partitioning of an
ionic contrast agent (Hexabrix 320) via μCT (EPIC-μCT). This technique has been used to
monitor ECM within hydrogels containing chondrocytes [174], examine PG content and
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distribution in an in vitro model of cartilage degradation (Fig. 7B), and for 3D analysis of
articular cartilage in situ on a rabbit femur [184].

Outside of imaging mineralized tissues, most applications of conventional absorption-based
μCT applied to TERM require exogenous contrast agents or drying of samples making it not
effective for wide use in vitro or in vivo. Techniques based on X-ray Phase Contrast (PC)
allow imaging based on endogenous X-ray refraction and scatter contrast, which can be up
to one thousand times more sensitive than X-ray absorption contrast [185,186]. X-ray PC
techniques have recently been investigated for imaging a variety of biomaterials and
engineered tissues. X-ray PC techniques have been used to examine the 3D porous structure
of dried biomaterials [187–189]. More importantly, X-ray PC has recently been shown to
enable imaging of polymer scaffold structure in culture and embedded within tissue
[190,191].

X-ray PC imaging has also been implemented to visualize cell and ECM deposition on
scaffolds in vitro. Gold-lectin stained cells cultured on PET multifilament yarns could be
imaged in hydrated conditions. Visualization of the cells resulted from absorption contrast
while PC allowed imaging of scaffold structure [192,193]. PGA/PLLA scaffolds seeded
with iron oxide nanoparticle labeled cells deposited ECM could be observed in PC X-ray CT
scans [194]. Brain tissue embedded within alginate hydrogels could easily be seen with X-
ray PC [195] while individual chondrocytes could be identified with an in-line holography
imaging scheme in the absence of cell labeling (Fig. 7C) [196,197]. Additionally, X-ray PC
imaging has been implemented to visualize immature bone matrix deposited on ceramics
scaffolds from osteoblasts and pre-osteoblasts cultured in vitro [198].

X-ray PC imaging has seen success in assessing engineered tissue samples ex vivo allowing
for a more accurate segmentation of scaffolds from newly formed bone and soft tissue
ingrowth in engineered tissues [170,190,199–202]. X-ray PC allows improved visualization
of the integration of titanium implants with bone over μCT [203]. X-ray PC imaging has
also been implemented to enhance bone imaging due to enhanced detail in the architecture
of trabecular bone. Differences in the structure and porosity of bone can be detected
[204,205] making X-ray PC imaging a means to noninvasively monitor bone remodeling
[206].

The primary advantage of X-ray PC is enhanced soft tissue and biomaterial contrast without
the use of exogenous contrast agents. X-ray PC techniques have shown promise for imaging
cartilage [207] and vasculature [186,208,209] without using contrast agents. Vascular
networks within explanted ceramic scaffolds could be seen in propagation-based X-ray
images allowing quantification of vessel properties [210]. Hydrogels that are invisible in
traditional absorption-based X-ray imaging can be identified in vitro and in tissue using X-
ray PC techniques (Fig. 7D) [211].

X-ray imaging, both absorption and PC, has been applied for evaluation of biomaterials and
engineered tissue in vitro and in vivo. These techniques are capable of high resolution, high
contrast, 3D volume renderings of large samples and structures deep within the body.
However, these modalities require use of ionizing radiation, so energy and scan time need to
be optimized in order to prevent tissue or sample damage. A current limitation to X-ray PC
imaging is the relatively long data-acquisition times that are required when implemented
with a benchtop X-ray source. Reducing data-acquisition times remains an active area of
research and is likely to lead to imaging of TERM application in vivo [212,213].
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7. Nuclear imaging
Nuclear Imaging is based on techniques that detect gamma rays emitted from radioactive
substances. Radiopharmaceuticals are introduced into the body or tissue and areas of high
uptake are detected as they decay and emit radiation. Specific radiotracers can be used to
identify targeted activity. This technique has been useful in the diagnosis of disease
including many cancers and hyperthyroidism as well as in detecting localized inflammation
through the mapping of leukocyte distribution [64]. The two most common 3D forms of
nuclear medicine are Positron Emission Tomography (PET) and Single Positron Emission
Computed Tomography (SPECT). Both are capable of relaying functional information about
tissue but not anatomical data. Therefore, they can be combined with MRI or CT to create a
combined picture of structure and function. Small animal hybrid MR–PET systems are being
developed and could be used for monitoring tissue engineering performance [89].

Nuclear imaging techniques have been applied to detect activity in engineered tissues in a
number of settings [214]. In laboratory studies, PET has been used to detect the glycolic
activity of multiple cell types using 18FDG, which allows acquisition of data from extremely
low concentrations of cells [215,216]. This same radiotracer has been used to compare cell
viability of cardiomyocytes embedded in fibrin in both a pulsatile flow chamber and static
culture, identifying enhanced metabolic activity in the perfused chambers [217]. Cell
adherence and viability of progenitor cells on decellularized tissues was characterized with
this radiotracer in a bioreactor [218]. In a tracheal tissue engineering model, 18FDG was
used to assess function of multiple cells cultured on a synthetic scaffold [219].

PET and SPECT imaging have also been applied to monitor engineered tissues in vivo
[64,220]. Radiolabeled growth factor delivered from scaffolds can be quantified
noninvasively in engineered tissues. When combined with μCT images, the PET data can be
used to spatially evaluate growth factor distribution relative to new bone formation [221].
Bone formation in cell seeded ceramic scaffolds implanted in large bone defects in rabbits
was tracked with SPECT over a three-month time course (Fig. 8A) [222]. Vascularization
within the bioceramics was observed with 99Tc-MDP SPECT over two months [223,224].

Both PET and SPECT have been implemented to track transplanted labeled cells in vivo by
detecting their metabolic activity. Small animal PET has been successful for tracking
transplanted progenitor cells and MSCs for up to seven days [64]. Retention and location of
stem cells injected into an ischemic myocardium have been quantified with PET (Fig. 8B)
[225] and SPECT [226]. The fate of ASCs seeded on scaffolds for bone defect repair was
tracked with SPECT/CT [227]. While these modalities have shown promise for visualizing
tissue and cell function, they do not provide any structural information. For this information
they need to be implemented with other imaging modalities. Further, they are limited by
poor spatial resolution and the need for long scan times [228]. Finally, there can be a non-
specific uptake of radiotracers by surrounding normal tissue so it may be difficult to
distinguish signal between existing and newly formed tissue [64].

8. Conclusions
The ability to monitor and assess TERM therapies is a critical need. The imaging techniques
described here have all been successfully applied to evaluate specific aspects of TERM
strategies. However, the ideal technique depends on specifics of the application and
research. Optical imaging and PAM/US appear better suited for in vitro monitoring with
potential for certain in vivo studies. MRI, X-ray, and nuclear imaging show more promise
for in vivo applications due to the spatial resolution and imaging depth capabilities for each
system. As advances in each modality are made to improve these capabilities, their
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applications toward the characterization of structure and function of scaffolds and
engineered tissues will expand. In addition, advances in contrast agents and imaging
strategies should be developed specifically for TERM applications. In many cases, the
application of multiple imaging modalities is likely to improve analysis as it does currently
for many clinical applications. The strengths of each system can be exploited in order to
give a comprehensive picture of changes occurring to both structure and function during the
tissue engineering process. It is imperative that researchers continue to investigate and
optimize these imaging modalities as assessment tools and move away from traditional two-
dimensional methods so the transition to the clinical setting can be efficient and accelerated.
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Fig. 1.
Schematic of TERM strategies along with identified imaging needs associated with each.
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Fig. 2.
(A) Range of energies/frequencies on the electromagnetic spectrum used by 3D imaging
modalities. (B) Approximate ranges of spatial resolution and imaging depth achievable by
imaging modalities. US = ultrasound, PAM = photoacoustic microscopy, MRI = magnetic
resonance imaging, MFM = multiphoton fluorescence microscopy, OCT = optical coherence
tomography.
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Fig. 3.
Examples of ultrasound images produced for TERM applications. (A) Color image of flow
in a tissue engineered vascular graft. Figure reproduced with permission, from Tillman et al.
[6]. (B) Strain maps overlaid on a B-scan before (top two) and after (bottom two)
degradation showing changes in mechanical properties in vitro. Figure reproduced with
permission, from Kim et al. [21].
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Fig. 4.
Images of biomaterials, cells, and tissue structure generated using optical imaging
techniques. (A) Fluorescent image of porous synthetic hydrogel that exhibits auto-
fluorescence (green) loaded with fluorescently tagged fibrin (red). (B) OCT images of a
biomaterial scaffolds seeded with MG63 bone cells. Figure reproduced with permission
from IOP publishing from Yang et al. http://dx.doi.org/10.1088/0031-9155/51/7/001 [46].
(C) Combined luminescence and μCT demonstrating co-localization of bacteria (orange)
and a subcutaneous tumor (green) within the animal. Lower images show a magnification
the tumor from mouse: showing regions of tumor (FLuc green/blue), vasculature (contrast
agent – red) and bacterial (orange/yellow) signals. Figure reproduced with permission, from
Cronin et al. [229]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5.
Examples of photoacoustic and PAM/US images from TERM applications. (A) PAM
images revealing neovasculature in a porous scaffold at 1 (top) and 6 (bottom) weeks post-
implantation. Images produced using the same methods described in Cai et al. [82]. (B) Dual
ultrasound (left) and photoacoustic (right) imaging of adipose-derived stem cells in a fibrin
gel at days 1 (top) and 16 (bottom). Images produced using the same methods described in
Chung et al. [86].
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Fig. 6.
Examples of MRI images from TERM applications. (A) Four different MRI contrast
mechanism images of a 38-week phalange model. Figure reproduced with permission, from
Potter et al. [94]. (B) In vitro MR imaging of collagen hydrogels loaded with mesenchymal
stem cells. Differences in signal are observed between scaffolds with labeled cells (bottom)
versus unlabeled cells (top). Figure reproduced with permission, from Heymer et al. [109].
(C) Depiction of cartilage in a patient 6 months after chondrocyte transplantation. Arrows
mark the area of cartilage repair. Figure reproduced with permission, from Welsch et al.
[120]. (D) Fiber trajectories obtained by DTI representing collagen fibers in an artery: red
(x-direction), green (y-direction) and blue (z-direction). Figure reproduced with permission,
from Ghazanfari et al. [133]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7.
Example of X-ray images from TERM applications. (A) μCT images showing bone
regeneration in cranial defects in response to growth factor treatment over time. Figure
reproduced with permission from IOP publishing from Umoh et al. http://dx.doi.org/
10.1088/0031-9155/54/7/020 [169]. (B) EPIC-μCT in an in vitro cartilage degradation
model. Representative 3D EPIC-μCT images of control and IL-1-stimulated explants
demonstrating progressive increases in attenuation in treated samples. Figure reproduced
with permission, from Palmer et al. [184]. (C) Cell structures imaged in the soft tissue
region of articular cartilage. Figure reproduced with permission, from Zehbe et al. [196]. (D)
X-ray PC CT of explanted hydrogels implanted adjacent to skeletal muscle. The
fibrovascular tissue, muscle and hydrogel can be identified.
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Fig. 8.
Examples of nuclear imaging in TERM applications: (A) SPECT 12 weeks postoperative
showing activity in scaffolds seeded with cells (C and D) versus defects with no cells (A and
B). Figure reproduced with permission, from Zhou et al. [222]. (B) Transverse and coronal
fusion of computed tomography (CT) and micro-positron computed tomography (PET)
images showing the distribution of 18FDG labeled cells injected in the myocardium. Figure
reproduced with permission, from Terrovitis et al. [225].
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