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Transplantation of functional islets encapsulated in stable biomaterials has the potential to cure Type I diabetes.
However, the success of these materials requires the ability to quantitatively evaluate their stability. Imaging
techniques that enable monitoring of biomaterial performance are critical to further development in the field. X-
ray phase-contrast (XPC) imaging is an emerging class of X-ray techniques that have shown significant promise
for imaging biomaterial and soft tissue structures. In this study, XPC imaging techniques are shown to enable
three dimensional (3D) imaging and evaluation of islet volume, alginate hydrogel structure, and local soft tissue
features ex vivo. Rat islets were encapsulated in sterile ultrapurified alginate systems produced using a high-
throughput microfluidic system. The encapsulated islets were implanted in omentum pouches created in a
rodent model of type 1 diabetes. Microbeads were imaged with XPC imaging before implantation and as whole
tissue samples after explantation from the animals. XPC microcomputed tomography (LCT) was performed
with systems using tube-based and synchrotron X-ray sources. Islets could be identified within alginate beads
and the islet volume was quantified in the synchrotron-based pCT volumes. Omental adipose tissue could be
distinguished from inflammatory regions resulting from implanted beads in harvested samples with both XPC
imaging techniques. Individual beads and the local encapsulation response were observed and quantified using
quantitative measurements, which showed good agreement with histology. The 3D structure of the microbeads
could be characterized with XPC imaging and failed beads could also be identified. These results point to the
substantial potential of XPC imaging as a tool for imaging biomaterials in small animal models and deliver a
critical step toward in vivo imaging.
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Introduction

IOMATERIAL-BASED TRANSPLANTATION of healthy cells

has been investigated for decades as a treatment for a
number of disease states.' ™ Research has primarily focused
on islet encapsulation to treat type I diabetes.* Transplanted
naked (not biomaterial encapsulated) islets have been shown
to restore essential endocrine function, indicating that the
transplantation of properly functioning endocrine cells into
diseased patients can enhance overall metabolic function.>

Immunoisolation of these cells in appropriately designed
biomaterials could reduce or comyletely eliminate the need
for immunosuppressant therapies.” However, the success of
biomaterial-encapsulated cells requires that the microcap-
sules sustain their structure and stability in vivo.

Hydrogels are a class of biomaterials that have been in-
vestigated extensively for encapsulation of islets because of
their ability to mimic the high water content and mechanical
properties of soft tissue. Alginate-based materials have been
popular materials for cell encapsulation and evaluated in
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clinical trials for treatment of type I diabetes.*”~'! However,

there are significant concerns with the stability and repro-
ducibility of these systems.”'* A number of possible failure
mechanisms have been proposed including poor cell sur-
vival because of an enhanced foreign body response, incom-
plete immunoisolation, and poor biomaterial stability.'*
Most in vivo studies rely on detection of blood glucose or
C-peptide levels as indirect measures of stability, but these
do not give insight into the actual mechanism of graft fail-
ure.**** Histological and immunohistochemical methods
are also frequently used but are invasive and destructive, do
not allow for three dimensional (3D) assessment of the
sample, often alter biomaterial structure, and require pro-
cessing and staining techniques.***~*

There is a need for noninvasive imaging that allows for
3D assessment of the implanted grafts and local tissue re-
sponse to monitor and predict long-term success of the
transplant. The ideal imaging technique would not require
exogenous contrast and be nondestructive. X-ray phase-
contrast (XPC) imaging is a class of X-ray-based techniques
that enable imaging of biomaterial and soft tissue struc-
tures,”* ™ which are difficult to observe using other imaging
modalities. These techniques enable high-resolution and
large volume imaging of these samples in the absence of
exogenous contrast agents.

In this study, we provide evidence that XPC imaging
techniques enable 3D imaging and evaluation of islet vol-
ume, alginate hydrogel structure, and local soft tissue re-
sponse in explanted samples. Two XPC imaging techniques
were used and both preimplantation and postimplantation
samples were imaged. The first XPC imaging technique
used a synchrotron X-ray source and is known as multiple
image radiography (MIR). MIR is an analyzer-based XPC
imaging method that results in reconstructed images re-
presenting the X-ray absorption, refraction, and ultrasmall-
angle-X-ray-scatter (USAXS) properties of the samples.*®
MIR enables the identification of subtle material or tissue
features based on complementary contrast mechanisms.
However, synchrotron sources cannot be used for benchtop
X-ray imaging. Therefore, we investigated a propagation-
based XPC imaging method using a laboratory-scale X-ray
tube source to demonstrate the translation of our XPC im-
aging findings to a broadly applicable in-laboratory system.

Materials and Methods

Extra samples from a previously published study including
whole fixed explanted omentum-containing islet-encapsulated
alginate microbeads and islet-encapsulated alginate microbe-
ads preimplantation were provided by the Wake Forest In-
stitute of Regenerative Medicine.?®

Low-viscosity high-mannuronic acid (LVM) alginate
(20-200 mPas; Nova-Matrix, Sandvika, Norway) was dis-
solved in 1.5% Eagle’s minimum essential medium (MEM;
Sigma-Aldrich, St. Louis, MO). Poly-L-ornithine (PLO; 30—
70kDa, Sigma-Aldrich), sodium citrate (Sigma-Aldrich),
ultrapurified low-viscosity high-guluronic acid (LVG) algi-
nate (75-200kDa, G/M ratio <1), and LVM alginate (75—
200kDa, G/M ratio >1.5; Nova-Matrix, Sandvika, Norway)
were also prepared in MEM. Cross-linking (100 mM CaCl,)
and wash (0.9% NacCl) solutions were prepared in deionized
water. Fifty milligrams Dithizone (Sigma-Aldrich, St. Louis,
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MO) was dissolved in 5 mL of DMSO and mixed for 15 min.
Fifteen milliliter Hank’s balanced salt solution was added
to the solution and mixed for an additional 15 min before
filtering through a 0.45 um filter syringe.

Animals

Approval by the Wake Forest University Institutional
Animal Care and Use Committee (IACUC) was received
before all animal studies.

Islet isolation and microencapsulation

Male Lewis and Wistar-Furth rats (250-300 g) (Harlan)
were used as the source of islets for both isograft and al-
lograft conditions. Islets were isolated from the pancreata of
the rats using the standard procedure of collagenase diges-
tion of pancreatic tissue’’ with modifications as described
previously.®® Purified islets were cultured overnight in
RPMI-1640 medium (Sigma-Aldrich, 10% fetal bovine se-
rum,10 mM HEPES).

The islets were encapsulated in an alginate/PLO/alginate
microbeads using a modified® microfluidic procedure.*’
Islets were pelleted at 200 g (1 min, 4°C) and dispersed in
1.5% LVM alginate solution at 2000 islets/mL. Using a
high-throughput flow-focusing microfluidic device at
1.4 psi, the islet suspension was pumped into the CaCl,
crosslinking solution at a constant flow rate of 1.4 mL/min.*'
The alginate microbeads were incubated in this solution for
15 min and then washed before incubation in the 0.1% PLO
solution for 20 min. To apply a uniform semipermeable PLO
coating, gentle rotational mixing was employed during in-
cubation in the PLO solution. The microbeads were incu-
bated in 55 mM sodium citrate solution for 2 min. The outer
layer of alginate was applied using 1.25% LVG solution for
5 min and followed by CaCl, (22 mM) solution crosslinking.
The multilayer microbeads were washed with 2mM CaCl,
and then with normal saline. The islet-containing micro-
beads were cultured in RPMI-1640 medium before trans-
plantation the next day.

In vivo procedures

Rodent model of type 1 diabetes. A week after arrival,
diabetes was induced in Lewis rats (350—400g) with an
intraperitoneal injection of Streptozotocin (65 mg of STZ/
kg). Blood glucose was monitored daily using a glucometer.
The animals were considered diabetic when glucose levels
were more than 400 mg/dL for two consecutive days.** In-
sulin pellets (Linshin, Canada) were inserted subcutaneously
to maintain the health of the rats for at least 1 week before
islet transplantation.

Microcapsule transplantation.  Alginate-encapsulated mi-
crobeads were implanted in a rat omentum pouch model as
described previously.*> In brief, isoflurane was used for
anesthesia, the abdominal area was shaved, cleaned, and
disinfected, and a small incision was made below the
stomach. Omental tissue was created into a pouch and the
microbeads were placed in the pouch, which was then
closed with suture before being returned to the peritoneal
cavity (Fig. 1a).
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FIG. 1. (a) Photograph of rodent
omentum pouch model. Pouch
containing alginate microbeads
can be seen in abdomen (arrow).
(b) Photograph of explanted
omentum pouch containing algi-
nate microbeads. Example of sam-
ple that was imaged. (¢) Example
of rocking curves acquired in the
absence (o) and presence (x) of
omentum sample. Color images
available online at www.liebertpub
.com/tec

Approximately 800 islets were transplanted (~2000 islets/
kg) in each recipient. All animals in the studies were given
morphine after surgery and placed on a standard chow diet.
After transplantation, if two consecutive blood glucose
measurements in any recipient were more than 400 mg/dL,
10U/kg of insulin was administered. Animals were eutha-
nized and the omentum pouches containing the microbeads
were explanted and fixed. Formalin has been shown to have
a minimal effect on tissue properties determined by XPC
imaging systems.**

XPC imaging

Synchrotron analyzer-based XPC imaging. Alginate
microbeads containing islets and formalin-fixed whole ex-
planted omentum pouches (Fig. 1b) were imaged submerged
in calcium chloride solution using an XPC MIR imaging
system at the National Synchrotron Light Source at Broo-
khaven National Laboratory (Beamline X15A).*> X-ray
imaging was performed using the following conditions:
monochromated 20keV beam, imager detector VHR 1:1,
CCD sensor (Photonic Science Limited, United Kingdom;
400x4008 pixels, 9 um resolution), and [333] analyzer
crystal reflection. Measurement data were acquired from —4
to +4 prad (total 11 analyzer crystal positions) to generate a
rocking curve at each tomographic view angle (Fig. 1¢).**~*8
A total of 500 tomographic views were acquired over 180°
(1 s/angle). At each angle, the parametric MIR images re-
presenting the samples projected absorption, refraction,
and USAXS properties were computed.>® With the absorp-
tion, refraction, and USAXS images, we employed a filtered

APPEL ET AL.

2]

Measured Intensity (ADU)

x

x
* X
T e

x .
X xx #

-4 2 2

Analyzer Angle (uradians)

0 4

1cm
Esr————

backprojection algorithm to reconstruct volumetric images.
MATLAB R2012a (Mathworks) was used for reconstruc-
tion and image analysis. The rendering software was V3D.

Benchtop propagation-based XPC imaging. The bench-
top propagation-based system used has been described in
detail previously.*” The explanted omenta-containing algi-
nate beads were 38.7 cm from the source and 154.9 cm from
the detector (5x magnification). The X-ray tube voltage was
set at 60kVp and current of 168 pA (nominal focal spot
size = 12 um, effective pixel size =3 pm). The exposure time
per view angle was 54s. One hundred eighty-six tomo-
graphic views were collected with 1° of rotation between
them. An OS-SART-FISTA reconstruction method (binning
factor =2)" was employed to reconstruct volumetric images
of the sample (final spatial resolution=24pm). A total
variation penalty was employed to balance the denoising
effect and the fit of the solution to the data using a regu-
larized least square optimization reconstruction problem. An
adaptation of this algorithm was also employed for re-
constructing tomosynthesis images using 40 view angles.
The flexibility with regard to the measurement geometry and
ability to mitigate data incompleteness makes iterative re-
construction algorithms more suited to the tomosynthesis
problem.!

Histology

The omentum pouches were dehydrated in an ethanol
series and paraffin embedded. Using a Leica RM2200 mi-
crotome, 5pm serial sections were cut and stained with
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Masson’s trichrome or hematoxylin and eosin (H&E) using
standard staining protocols. Section imaging was performed
using an Axiovert 200 inverted microscope (Carl Zeiss
Microlmaging, Inc. Gottingen, Germany) equipped with an
AxioCam MRc5 color digital camera (Carl Zeiss). Tiling of
multiple images enabled the generation of high-resolution
(1.08 um/pixel) images of entire cross sections using Ax-
iovision 4.2 image analysis software (Carl Zeiss). Tissue
sections were registered to reconstructed XPC micro-
computed tomography (UCT) slices based on gross mor-
phological structures that were easily identifiable in both
XPC and histological images.

Quantification and analysis

Encapsulation thickness around individual beads was
measured from XPC and histology images. The thickness
of the tissue surrounding the alginate microbeads was
clearly identified. At least eight measurements were made
and averaged for at least 10 alginate microbeads. All data
are expressed as means * standard deviations with statistical
comparisons performed using Student’s t-test (p<0.05
considered significant).

Results
XPC of microbeads preimplantation

Islets were isolated from rat pancreata and encapsulated
in alginate microbeads prepared under sterile conditions.
The alginate microbeads were imaged before implantation
with MIR XPC to observe the biomaterial and islet struc-
ture. Under the imaging conditions, the microbeads were
invisible in the absorption radiograph because of virtually
no difference in X-ray absorption properties between the
hydrogel and surrounding solution (Fig. 2a), but their
structure could be clearly identified in refraction and
USAXS images (Fig. 2b, c). Refraction CT slices of the
beads allowed observation of the alginate bead structure and
islets within the beads. Bead morphology was qualitatively
consistent with images acquired from brightfield micros-
copy (Fig. 3a, b). The XPC images allowed for the identi-

a
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fication of imperfections within the bead structure and on
the surface, possibly resulting from the microfluidic system
used for encapsulation. These features are often actively
avoided as they are thought to play an important role in graft
failure after transplantation.'>'®? The islets themselves
were also identifiable in the microbeads. Volume rendering
of the refraction images enabled observation of the spatial
organization of islets (blue) inside the bead structure (green)
(Fig. 3c).

Islet volume is often used as an indication of survival or
success of transplanted cells, and the ability to image this
volume in the biomaterial environment is a critical feature
of an imaging tool.’>*>* Quantitative data can be extracted
from the XPC puCT volume images, allowing determination
of islet volume in the beads. The mean volume determined
from XPC refraction images was 1.7£0.08x10° pm?.
These results cannot be directly compared with the mea-
surements of islet area from 2D widefield optical micros-
copy (5.8+3.1x 10° pm?). However, if islets are assumed to
be spheres, these data result in XPC imaging radii of
34.4um in comparison with 43.2 um from the microscopy
images.

Synchrotron XPC imaging of microbeads in tissue

The microbeads were implanted in an omentum pouch
model to evaluate stability and tissue response. Samples
were explanted and XPC pCT was performed with an MIR
XPC imaging technique followed by histology. Re-
constructed MIR nCT slices display gross sample structure
that is similar to histology (Fig. 4a—d). The adipose tissue of
the surrounding omentum could be identified in both the
absorption and refraction images (Fig. 4a, b). The large
volume of alginate microbeads could be seen within the
sample with individual microbeads clearly identified in the
refraction images and in the 3D volume rendering of the
sample (Fig. 4b, e and Supplementary Movies S1 and S2;
Supplementary Data are available online at www.liebertpub
.com/tec).

At higher magnification, individual beads generated con-
trast in refraction images that enabled evaluation of the local

FIG. 2. Microbead structure
generates contrast based on X-ray
refraction and USAXS. MIR XPC
allows reconstruction of (a) ab-
sorption (b), refraction, and (c)
USAXS radiographs of alginate
beads before implantation. Im-
perfections (wrinkles, folds) in the
alginate structure can be identified
within the refraction image. MIR,
multiple image radiography; XPC,
X-ray phase-contrast imaging;
USAXS, ultrasmall-angle-X-ray-
scatter.

500 um
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FIG. 3. Islets encapsulated with-
in alginate microbeads can be im-
aged with XPC nCT. (a)
Reconstructed X-ray refraction
HCT slices showing islets (arrows)
within the beads. The structure
looks similar to (b) a brightfield
microscopy image. (¢) The refrac-
tion CT images can be re-
constructed to generate a pseudo-
colored volume rendering showing
the spatial organization of encap-
sulated islets (blue) within the al-
ginate microbeads (green). uCT,
microcomputed tomography. Color
images available online at
www.liebertpub.com/tec

structure. The bead and soft tissue structure observed in
XPC images matched well with histology (Fig. 5a—d). Both
failed beads exhibiting invasion by soft tissue (Fig. 5a, b)
and intact beads surrounded by a layer of encapsulation
tissue (Fig. 5c, d) could be identified in regions of interest

FIG. 4. MIR CT slice of the
omentum sample showing (a) ab-
sorption, (b) refraction, (¢) and
USAXS images. The samples were
processed and stained for (d)
Masson trichrome, showing a sim-
ilar structure of the images. Arrows
indicate adipose tissue. Scale bar=
2.25 mm. (e) 3D renderings of rat
omentum-containing alginate
beads. Red represents absorption,
green represents refraction, and
blue represents USAXS. 3D, three
dimensional. Color images avail-
able online at www .liebertpub
.com/tec

APPEL ET AL.

from the whole sections (Fig. 4b, d). As expected, the hy-
drogel structure in the histology exhibited distortions be-
cause of processing, resulting in separation from the
surrounding soft tissue (Fig. 5c). However, the layer of
encapsulation tissue that is clearly maintained in the
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FIG. 5. The structure of both failed and intact alginate microbeads could be identified within the XPC refraction images
with strong agreement with findings from histology. (a, ¢) Magnified regions of Masson’s trichrome stains of Figure 4d and
(b, d) corresponding regions of interest from XPC refraction image in Figure 4b of (a, b) failed (invaded) and (c, d) intact

beads. Scale bar=0.45 mm. Color images available online at www.liebertpub.com/tec

histological staining was also identified in the XPC images.
This layer is of critical importance in determining the
function of the implanted cells as it regulates communica-
tion with the host tissue.

The fibrous encapsulation layer was also clearly visible
around beads in coronal plane refraction CT slices (Fig. 6a).
There is a clear distinction between this encapsulation sur-
rounding the beads and the rest of the fibrovascular tissue
that allowed for quantification of this tissue thickness. The
XPC measurements showed good agreement with mea-

surements determined by use of the gold standard method,
histology (Fig. 6e). There was no difference between the
tissue thickness measured in the refraction images and H&E
sections. The bead structure and shape can also clearly be
seen. In another sample, a low encapsulation response was
observed, resulting in improved biomaterial integration. In
this sample, the adipose tissue and beads were visible but
the encapsulation layer was not observed, and a more ho-
mogeneous tissue was present representative of a healing
response (Fig. 6c, d).

140

120

8

Tissue Thickness (1um)
8

X-ray Refraction

Histology

FIG. 6. XPC imaging can differentiate between implanted microbeads generating a foreign body encapsulation response
(a, b) and a healing (¢, d) response to implanted biomaterials. Coronal plane CT images are shown for (a, ¢) refraction and
(b, d) absorption CT slices. Adipose, white arrows, can be identified in both absorption and refraction images but only the
refraction images allow observation of the individual beads, black arrows. Scale bar =1 mm. (e) Thickness of encapsulation
response around alginate microbeads measured in both MIR refraction images and H&E sections. Inset shows a coronal
plane refraction CT image of an individual bead with a layer of fibrous encapsulation. H&E, hematoxylin and eosin.
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FIG.7. Propagation-based XPC imaging enables imaging of soft tissue, biomaterial structure, and encapsulation response
in the tissue samples. Images of an omentum with alginate microbeads reconstructed with (a) 186 views using OS- SART-
FISTA reconstruction algorithm and (b) 40 views using a tomosynthesis reconstruction algorithm show similar detail. Black
arrows indicate surrounding adipose tissue from omentum and white arrows point to fibrovascular tissue formed in response

to the microbeads.

Tube-based XPC imaging of microbeads in tissue

XPC pCT of tissue samples was also performed using
a benchtop system using an X-ray tube source. This
propagation-based XPC implementation results in a single
image that is a combination of the contrast mechanisms
exhibited in the three MIR images. The gross morphology
of the sample could be clearly identified with propagation
XPC uCT (Fig. 7a). The adipose tissue from the sur-
rounding omentum was distinguishable from the tissue and
microbeads in the center of the tissue. The alginate mi-
crobeads were also clearly discernable within the tissue
(Fig. 7a). To gain insight into the potential of imaging

FIG. 8. Region of interest
of an omentum with alginate
microbeads, yellow arrows
(a) XPC image with corre-
sponding (b) H&E and (c)
Masson trichrome sections
with (d) graph of tissue
thickness of encapsulation
response around alginate
microbeads in propagation-
based XPC images and H&E
sections. Color images
available online at www
Jliebertpub.com/tec

under more constrained conditions, a tomosynthesis re-
construction algorithm that used a limited number of views
was implemented for comparison with the full view re-
construction (Fig. 7b). Similar image details were visible
in the corresponding limited view CT slice as seen in the
full view reconstruction.

The bead shape and structure as well as the local en-
capsulation response identified in the XPC images matched
well with findings from histological stains (Fig. 8a—c). The
tissue thickness surrounding the beads could be quantified
from the XPC images and the values were not significantly
different from the thickness values determined from histo-
logical stains (Fig. 8d).
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Based X-ray
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Discussion

There is a critical need for noninvasive, nondestructive
tools that enable 3D assessment of biomaterial structure and
soft tissue structure to further develop tissue engineering
and cellular therapies. These tools are necessary both for
preimplant evaluation as a screening method and for im-
plantation monitoring to assess the local tissue response and
stability of the biomaterials. XPC imaging is a developing
category of X-ray techniques that have shown significant
potential for imaging biomaterial and soft tissue structures
that are difficult to observe with other imaging modalities.
Specifically, these techniques have been successful in ob-
serving hydrogels in tissue’>'>> and low-density scaffolds
in water*® and soft tissue.>*** The techniques enable high-
resolution, large volume imaging of these materials, without
the need for exogenous contrast agents. In this study, we
expanded on previous XPC studies, and found that XPC
UCT enabled assessment of bead shape and structure before
implantation. The ability to observe imperfections in bead
structure is important as bead morphology can lead to poor
biocompatibility of the capsules. Spherical beads are ideal
and deviation from this shape can result in a poor healing
response and contribute to graft failure.'®>? XPC imaging
also allowed observation of the spatial orientation of islets
within the beads and allowed quantification of islet size.
Islet volume is an important indicator of islet function and
viability. The ability to monitor, quantitatively, islet volume
within encapsulation systems has been proposed as a
method for tracking islet survival and function.’*>* Our
results suggest that further development of XPC for in vivo
imaging could provide an important new tool for monitoring
encapsulated islets.

XPC pCT was successful in imaging the structure of al-
ginate microcapsules within tissue. Both failed beads that
had been invaded by inflammatory tissue and intact mi-
crobeads could be identified in the X-ray refraction images.
The structures matched well with histological images but
without the destructive sectioning and processing artifacts.
These findings demonstrate the power of XPC techniques
for evaluating whole volume tissue samples with nonde-
structive methods and the potential for future monitoring of
graft failure.

Many other medical imaging modalities have been em-
ployed for noninvasive observation of microbead loca-
tion. Magnetic resonance imaging (MRI), absorption-based
X-ray CT, and ultrasound (US) imaging may enable iden-
tification of cell/graft location either alone or in combina-
tion.”>®' To enhance image contrast, an additional agent
is often incorporated within the cells or the alginate mi-
crobeads. Contrast agents that have been explored include
iron oxide nanoparticles,5 5,58,61 gold nanogarticles,ss’61 and
perfluorocarbon (PFC) nanoparticles.”>”%*® Some of these
agents (e.g., iron oxide and gold nanoparticles) appear to be
nontoxic, but their effect on the long-term islet function is
unknown. Placing PFC emulsions into alginate micro-
spheres leads to spheres that are readily observed with '°F
MR imaging, US, and CT, increased in vitro insulin secre-
tion, and enabled prolonged in vivo insulin secretion.’®%?

The strategy of incorporating contrast agents in the bio-
material may also allow for monitoring of mechanical sta-
bility in vivo.>> Conceptually, microbead breakdown would
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result in dispersion of the contrast agent and altered signal
intensity. However, signal changes have not been shown to
quantitatively correlate with bead breakdown. These previ-
ous imaging studies represent progress toward the long-term
monitoring of implanted grafts. However, the requirement
of contrast agents limits application and the techniques did
not provide information on local tissue response. The local
tissue response is critical to success of the grafts. Using
magnetic transfer ratio MRI images, Chan et al. quantified
differences in local immune response to implanted alginate
microbeads both with and without cells and in the presence
and absence of immunosuppression therapy.®® This study
demonstrated how MRI can be used to detect variances in
the local response to the implant.

In many situations, stable biomaterials may still fail be-
cause of the response of the tissue after implantation. A poor
foreign body response resulting in either chronic inflam-
mation or a thick layer of avascular encapsulation tissue can
hinder communication between the encapsulated cells and
host tissue. XPC imaging provides the ability to quantify the
encapsulation thickness surrounding the beads. In addition,
in samples in which beads showed good integration with
host tissues, the homogeneous healing tissue was visually
distinct from the encapsulation response observed in the
histologically more complex inflammatory tissue.

Two different XPC techniques were used in this re-
search. MIR XPC imaging provided the greater detail on the
contrast mechanisms of the material and tissue by providing
separate images, depicting the X-ray absorption, refraction,
and USAXS properties. MIR XPC pCT also allowed for
observation of islets within the microbeads and quanti-
fication of their volume. However, the requirement of a
monochromatic X-ray beam primarily limits application to
a synchrotron light source. The potential application of
the MIR XPC method for routine use in laboratory imag-
ing is impractical. Alternatively, a propagation-based, in-
laboratory system using a microfocus X-ray tube is a more
accessible form of XPC imaging. When the samples were
imaged with an in-laboratory propagation-based XPC sys-
tem, sample features were identified similar to the synchrotron-
based system. The application of this system involves a
standard microfocus X-ray source and detector leading to
relatively easy implementation and wide accessibility. Fur-
thermore, a limited view reconstruction algorithm was im-
plemented, resulting in image quality similar to the full view
reconstruction. This demonstrated that similar features can
be seen with a shorter scan time and lower dose, providing
support for the eventual application of XPC for noninvasive
animal imaging.

Conclusion

We have successfully imaged alginate beads in soft tissue
using both synchrotron and benchtop implementations of
XPC imaging. The MIR XPC imaging technique allowed for
3D assessment of bead shape and islet volume before im-
plantation without altering or destroying the samples unlike
standard histological methods. These methods allowed for
the evaluation of tissue formed in response to the grafts and
observation of biomaterial structure within the tissue. These
results provide a preview into the substantial potential use of
XPC techniques to observe and characterize biomaterial
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structure and tissue response to implanted biomaterials and
demonstrate a critical step toward in vivo imaging.
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