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A varying oxygen environment is known to affect cellular function
in disease as well as activity of various therapeutics. For transient
structures, whether they are unconstrained therapeutic trans-
plants, migrating cells during tumor metastasis, or cell populations
induced by an immunological response, the role of oxygen in their
fate and function is known to be pivotal albeit not well un-
derstood in vivo. To address such a challenge in the case of
generation of a bioartificial pancreas, we have combined fluorine
magnetic resonance imaging and unsupervised machine learning
to monitor over time the spatial arrangement and the oxygen
content of implants encapsulating pancreatic islets that are
unconstrained in the intraperitoneal (IP) space of healthy and
diabetic mice. Statistically significant trends in the postimplanta-
tion temporal dependence of oxygen content between aggregates
of 0.5-mm or 1.5-mm alginate microcapsules were identified in
vivo by looking at their dispersity as well as arrangement in
clusters of different size and estimating oxygen content on a pixel-
by-pixel basis from thousands of 2D images. Ultimately, we found
that this dependence is stronger for decreased implant capsule
size consistent with their tendency to also induce a larger
immunological response. Beyond the bioartificial pancreas, this
work provides a framework for the simultaneous spatiotemporal
tracking and oxygen sensing of other cell populations and
biomaterials that change over time to better understand and
improve therapeutic design across diverse applications such as
cellular transplant therapy, treatments preventing metastatic
formation, and modulators for improving immunologic response,
for all of which oxygen is a major mechanistic component.
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The question of how oxygen conditions affect the fate and
function of cells is of great interest for the understanding of

the underlying mechanisms of disease such as cancer (1), in
immunology (2), as well as in the development of therapeutics
(3). Furthermore, when these conditions are transient in nature,
as is often the case in vivo, their monitoring becomes a challenge.
In vitro assays have produced a large body of knowledge with
diverse conclusions, in large part because the actual physiologic
conditions that cells encounter within a complex biological sys-
tem cannot be adequately replicated in vitro. Intravital micros-
copy techniques overcome this limitation; however, they are not
able to produce pure volumetric information (4) which is often
needed to identify spatially dependent trends. In vivo volumetric
imaging techniques that are able to track shifting cell populations
and therapeutic materials have recently emerged (5), with MRI
offering a satisfactory trade-off between sensitivity and spatial
resolution (6, 7). In this study we develop approaches to examine
the ability of this imaging modality to both track implanted
materials volumetrically and probe their oxygen content under

transient conditions for deeper understanding in the case of the
bioartificial pancreas.
Cellular transplants of pancreatic islets hold the promise of

providing diabetic patients with a controlled, long-term release
of insulin without the need of external pumps and monitors (8,
9). Significant progress has been made in the development and
investigation of biocompatible encapsulation materials that
protect islet allografts from the host’s immune response, while at
the same time allowing the influx of oxygen and nutrients to the
cells and the delivery of insulin to the host (10, 11). Chemical
modification of the encapsulation materials (12) or their geo-
metrical features, such as their size and shape (13), plays an
important role in the fibrotic response and long-term efficacy of
biomaterial encapsulated cellular transplants. Recently, long-
term glycemic control in immunocompetent mice using encap-
sulated stem-cell–derived beta-like cells has been reported (14).
Due to the ease of laparoscopic procedures, the peritoneal

cavity [or intraperitoneal (IP) space] is a typical implantation site
for encapsulated islets (15, 16). Importantly, this site offers a
large enough space to hold a curative transplant biomass (17).
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The IP space is typically less oxygenated compared with the
oxygen measured in arterial blood, exhibiting a large variability
in partial oxygen pressure (pO2) within its volume (18–20). In
mice, peritoneal pO2 values vary between 1% and 10% com-
pared with normoxic conditions at 21% (21, 22). In addition to
the ambient pO2 at the implantation site, encapsulated islets are
not vascularized and thus rely on the diffusion of oxygen and
nutrients from the surrounding environment. It has been hy-
pothesized that the attachment of immune cell populations on
the surface of the capsules (manifesting as the onset of fibrotic
tissue) acts as a barrier to the influx of oxygen into the interior of
the capsules due to the high consumption of oxygen by the im-
mune cells themselves (23, 24). Numerous in vitro studies have
shown the effect of limited oxygen supply on encapsulated and
nonencapsulated islets (25–28). It has been hypothesized that
capsule sizes of no more than a few hundred micrometers are
ideal in terms of optimal oxygen supply to the encapsulated is-
lets. Coencapsulation of alginate with materials such as per-
fluorocarbons (PFCs) (29), prevascularized implants (30), or
implants with an additional oxygen supply (31) have been pro-
posed to mitigate hypoxia. A less investigated factor that can
affect the exposure of alginate capsules to the ambient oxygen
supply is their relative arrangement with respect to each other
(32). Whether the capsules are free-floating in the IP space or
trapped in tissue, oxygen diffusion across capsule aggregates is
governed by principles similar to the ones applicable for oxygen
diffusion across a single capsule. A key difference, however, is
that although we might assume that the shape of a single capsule
stays constant [aside from examples of undesired swelling or
degradation (33, 34)], capsule aggregates in the IP space may
change size and shape over time.
In vivo quantification of the islet transplant oxygenation within

the IP space remains challenging (35). To date, it has not been
possible to systematically quantify and spatially resolve oxygen
content of alginate capsules in the IP space, in vivo, as well as do
so over time. Fluorescence-based, commercially available oxygen
microsensors, although easy to use and reliable in measuring

oxygen accurately, are invasive and fragile and do not provide
a framework for spatially resolved measurements (35). Non-
invasive techniques such as imaging have been used to sense
oxygen as an alternative to invasive instrumentation: Oxygen-
sensitive fluorescent (36), photoacoustic (37, 38), radioactive
(39, 40), and magnetic resonance (41) imaging probes have been
developed and have demonstrated the ability to quantify oxygen,
especially in highly localized structures, such as tumors or
immobilized implants. However, in the case of encapsulated islet
transplants which are mobile in the IP space, accurate oxygen
quantification requires a sensing mechanism that is not depth
dependent, does not decay over time thus requiring repeated
administration for longitudinal measurements, and does not
depend on surrounding tissue to produce a detectable signal.
As an alternative to the above oxygen-sensing approaches,

fluorine magnetic resonance imaging (19F-MRI) can be used to
noninvasively probe in vivo oxygen content (18, 35, 42–46) (Fig.
1). MRI has long been used in both research and clinical settings
to probe anatomy and biological activity with high spatial
resolution and without the shortcomings of depth-dependent
performance issues and radiation hazards that optical and
radionuclide-based imaging methods have, respectively. While
in most cases MRI is used to quantify the presence of hydrogen
(1H) nuclei, either directly or indirectly through the use of
paramagnetic and superparamagnetic contrast agents, other
nuclei such as 19F and 13C can also be probed at the appropriate
resonance frequency. Fluorine has a resonance frequency close
to that of hydrogen and its magnetic resonance signal is not
contaminated by any intrinsic fluorine in the body. Due to its
high signal-to-noise ratio, fluorine MRI has been used to track
cells in vivo (47–49). In addition, fluorine in the form of per-
fluorocarbons has good solubility for oxygen and has been used
to quantify hypoxia in tumors with MRI (42, 50). Previous
studies with fluorinated alginate capsules have already demon-
strated the feasibility of incorporating MRI labels into alginate
and highlight the potential of in vivo imaging in the assessment
of cellular therapeutics for diabetes (43–45, 51, 52). A number of

Fig. 1. Noninvasive MRI for simultaneously tracking
and determining oxygenation of biomaterial im-
plants. (A and B) Tracking capsules with contrast-
based (Fe3O4) vs. label-based (19F) MRI. Alginate
capsules loaded with iron oxide nanoparticles ap-
pear as local hypointensities (“cold spots,” high-
lighted with red arrows in A) in the anatomic
background and cannot be easily distinguished from
other hypointense structures of the IP space. Algi-
nate capsules loaded with a fluorinated compound
appear as hyperintensities (“hot spots” in B in null
background). (C) Fluorine MRI is an imaging tech-
nique capable of distinguishing between structures
of high and low oxygenation. The image is an MRI-
derived oxygen map of two different groups of 1.5-
mm diameter fluorinated alginate capsules. The
“coldest” group has normal oxygen content and the
“hottest” group has had its oxygen displaced by
flushing nitrogen gas for several minutes. (D–G) The
imaging flow in measuring oxygen content in alginate
capsules using MRI. When the MRI coil is switched to
fluorine mode, a scan that visualizes the presence of
19F nuclei can be acquired. (D) For PFC-loaded alginate
capsules implanted in the IP space of mice, the scan
will visualize only the capsules and their relative position. (E) To produce oxygen maps with MRI, multiple such scans are acquired while varying for each scan a
parameter called inversion time, TI. (F) For each pixel in the set of images a plot of pixel intensity vs. TI value is created and the T1 relaxation times are calculated.
(G) Using calibration curves (1/T1 vs. pO2, shown above the arrow) we are able to extract the pO2 value corresponding to each T1 value of each pixel. (H)
Combining anatomy and pO2 maps. (H, Left) When the MRI coil is switched to hydrogen mode, an optional anatomic scan of the animal can be acquired that
probes 1H nuclei, thus providing information about the tissue in the IP space. (H, Center and Right) The anatomic scan can be combined with the pO2 maps
previously created (Center) to create an overlaid image that shows the capsule pO2 and their position within the IP space (Right). Movie S1 shows a 3D rendering
example of a combined anatomy and fluorine MRI image.
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studies have also used dual 19F-NMR spectroscopy (21, 53) and
19F-MRI imaging (18, 43, 51) to quantify pO2 changes in alginate
microcapsules implanted in the IP space of mice. However, in all
existing studies the pO2 values were based on averaging the calculated
oxygen values over the whole IP volume (21, 43, 51, 53), choosing a
single capsule size (21, 51, 53), choosing animal models with fibrotic
response that does not align to what is clinically observed (21), and
limiting the length or frequency of the study (43, 51).
For image-based, spatiotemporal pO2 monitoring the large

amount of MRI images that need to be collected to track the
mobile microcapsules within the volume of the IP space makes
manual identification of trends in oxygen a tedious, error-prone
task, when pattern identification is based on human visual obser-
vation. Of relevance, machine-learning techniques have been widely
used to automate tasks in our daily life and, more recently, to fa-
cilitate computerized decision making and knowledge acquisition
informed by a vast amount of data (54). In the field of biomedical
imaging and medical diagnostics, intelligent algorithms are able to
review thousands of images and extract high-level information, such
as the presence of disease, in an automated way and at a com-
petitive success rate to that of a human observer (55, 56).
In this study our objective was to identify changes in the ox-

ygen content of cellular transplants under the presence of tem-
poral and spatial gradients. To investigate the spatiotemporal
dependence of oxygen content in IP-implanted capsules, we
analyzed islet-containing as well as empty (no islets present)
PFC-loaded 0.5-mm and 1.5-mm diameter alginate microcap-
sules implanted in the IP space of healthy (implanted with
400 μL of empty capsules) and diabetic (implanted with 400 μL of
islet-containing capsules corresponding to 500 islet equivalents)
C57BL/6 mice by MRI. The PFC of choice was perfluorocrown
ether (PFCE) which has 20 chemically equivalent fluorine atoms,
making it an ideal PFC for oxygen studies using MRI (48). We
evaluated the fluorinated implants in terms of their stability, fi-
brotic response, and ability to modulate blood glucose levels in
vivo, as well as monitored their insulin production as a function
of pO2 in vitro. We tracked the spatial arrangement of capsules
in vivo in the IP space over a period of 3 mo and we quantified
their oxygen content as a function of this arrangement. Although
fluorine MRI has been used in prior studies to track alginate
capsules, this study performs long-term, time and spatially re-
solved in vivo oxygen tracking of different sized capsules in the

IP space, where inherent peristaltic and physical motion can
make quantification difficult. To mitigate this challenge, we
employed machine learning to efficiently classify the alginate
capsules from thousands of 2D images into spatial groups within
the IP space and find correlations between their spatial distri-
bution and their oxygen content. We used unsupervised hierar-
chical clustering to automate the task and facilitate the extraction
of associations between oxygen content, time, and spatial
arrangement.

Results
The Effect of Fluorine in Fluorinated Alginate Capsules: Stability,
Immune Response, and Glycemic Control. Our ability to perform
image-based, long-term pO2 monitoring and simultaneous cap-
sule tracking heavily depends on the long-term stability of the
fluorinated capsules and their ability to generate a sustained
MRI signal over time. We therefore assessed the possibility for
PFCE to leak out of the capsules over time (Fig. 2A). To emulate
the conditions in the IP space of mice, we kept equal volumes of
capsules of each size in retrieved IP fluid mixed with saline and
incubated them at 37 °C. The capsules were imaged by MRI at
different time points against a standard of known concentration
(100% wt/vol PFCE). There was no significant decline of the
capsule-to-standard MRI signal ratio, indicating that during the
3-mo course of the in vivo experiments no considerable fluorine
signal loss is expected due to leakage. The deviation of the cal-
culated ratio from the expected value of 17% (SI Appendix,
Preparation of the PFCE Nanoparticle Emulsion) is due to signal
spillover to neighboring pixels, since the MRI imaging was per-
formed at an axial resolution and an in-plane resolution on the
same scale as the size of the capsules.
PFCs are not soluble in water and thus require emulsification

before mixing with alginate, although limited studies have been
performed using alginate capsules or simple droplets con-
taining pure, nonemulsified PFC (18, 43). The outcome of PFCE
emulsification was assessed before and after filtration using dy-
namic light scattering measurements (SI Appendix, Fig. S1A).
Although the particle size and dispersity are affected by the
PFCE concentration in the emulsion (SI Appendix, Fig. S1B), for
the target concentration of 17% vol/vol PFCE we were able to
reproducibly fabricate stable nanoparticle emulsions with sizes
between 300 nm and 600 nm. The target PFCE concentration was

Fig. 2. Alginate fluorocapsules: stability, immune
response, and glycemic control. (A) Image-based
assessment of PFC-loaded capsule stability. For cap-
sules imaged by MRI against a standard of 100%
PFCE over a period of 2 mo, there is no considerable
loss of MRI signal due to diffusion of PFCE out of the
alginate capsules. Capsule-to-standard signal ratio
values were calculated by drawing regions of in-
terest (ROIs) on the MRI images of the capsule
samples and the standard and calculating the ratio
of the average pixel values within these ROIs. The
error bars are the propagated SD of the ratio. (B)
Collagen content per 100 μL of retrieved 0.5-mm and
1.5-mm fluorocapsules after being implanted in the
IP space of diabetic (500 islet equivalents per mouse)
and healthy (no islets) C57BL/6 mice for over 3 mo
(n = 13, 18, 18, 15, or 3 for 0.5-mm capsules in
healthy mice, 0.5-mm capsules in diabetic mice, 1.5-
mm capsules in healthy mice, 1.5-mm capsules in
diabetic mice, and fat samples, respectively). All
values are mean ± SEM. (C and D) In vivo blood glucose values as measured over a period of 3 mo for diabetic STZ-C57BL/6 mice (n = 15 for each implanted
capsule size) implanted IP with either 0.5-mm (C) or 1.5-mm (D) islet-containing fluorocapsules (500 islet equivalents per mouse). The trends observed are
comparable to previously published results for nonfluorinated alginate capsules and thus no additional cell toxicity due to PFCE is observed. Experiments were
repeated at least twice. For B groups were compared with a nonparametric, pairwise Wilcox test with Benjamini and Hochberg (BH) correction for multiple
comparisons (*P < 0.05; ****P < 0.0001; ns, not significant).
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chosen as a compromise between making stable emulsions (with
small nanoparticle size) and acquiring MRI images with good
signal-to-noise ratio (Fig. 2A). The fabricated PFCE-loaded algi-
nate capsules are opaque white (SI Appendix, Fig. S1A, Inset).
The fibrotic response of fluorinated capsules was assessed by

measuring the collagen content for a fixed volume of capsules
(100 μL) which was retrieved from the IP space of mice after a 3-
mo implantation period. As is the case with nonfluorinated
capsules (11, 13), equal volumes of capsules have significantly
higher amounts of collagen in the case of the 0.5-mm capsules
compared with the 1.5-mm capsules (Fig. 2B, first and second
bars vs. third and fourth bars), while there is no significant dif-
ference in the fibrotic response between healthy (implanted with
empty capsules) and diabetic (implanted with islet-containing
capsules) mice for either capsule size (Fig. 2B, first bar vs. sec-
ond bar and third bar vs. fourth bar). For reference, the collagen
content from an equal amount of fat tissue is also shown (Fig.
2B, fifth bar), from which we can conclude that any contribution
of collagen from fat tissue that was accidentally included in the
capsule samples during retrieval is negligible. This is particularly
relevant to the smaller capsules and their tendency to accumu-
late to the fatty areas of the IP space.
To study long-term effects of PFCE presence on coencapsu-

lated islets, blood glucose values of diabetic STZ-C57BL/6 mice
that were implanted with PFCE-loaded islet-containing trans-
plants (500 islet equivalents per mouse) were monitored over a
3-mo period (Fig. 2 C and D and SI Appendix, Fig. S2 shows
average trends). The observed temporal trends, namely the
prolonged cure times for 1.5-mm capsules (Fig. 2D) and the
earlier failure of 0.5-mm capsules (Fig. 2C), are consistent with
previously published results for non–PFCE-loaded transplants
(13) and indicate that the PFCE load has not impeded the ability
of islets to secret insulin over a prolonged period of time.

Effects of Varying Partial Pressure of Oxygen on Insulin Secretion of
Encapsulated Islets for Fluorinated and Nonfluorinated Alginate
Capsules. The effects of low partial pressure of oxygen on en-
capsulated islets under the absence and presence of PFCE were
studied in vitro (Fig. 3). Over a period of 4 d the control (at 21%
pO2) capsules of both sizes (0.5 mm and 1.5 mm in diameter)
with or without the PFCE load showed insulin secretion levels
consistent with the glucose challenge that the islets were subject
to (Fig. 3 A and B, shaded bars). At a pO2 of 8–10%, which is
similar to the average pO2 observed within the IP space of mice,
secreted insulin levels showed a 30% decrease compared with
those at 21% pO2 for the same glucose stimuli but, in the case of

the high-glucose challenge, were still slightly above the threshold
of 8 ng/mL necessary for curing diabetes in mice (Fig. 3 A and B,
cross-hatched and solid bars). At a pO2 of 3%, and with the
exception of the 1.5-mm pure (non–PFCE-containing) alginate
capsules, a 55–60% decrease in secreted insulin levels was
measured, thus falling below this threshold (Fig. 3 A and B,
shaded hatched diagonal bars). For the 1.5-mm pure alginate
capsules the percentage of decrease is somewhat smaller around
45%, still resulting in insulin levels below the therapeutic
threshold for the lowest oxygen level of 3%. The strong de-
pendence of the ability of islets to secrete insulin on ambient
oxygen suggests that when encapsulated islets are implanted in
the hypoxic peritoneal cavity, there is a considerable chance that
the hypoxic shock will lead to reduced glycemic control. If the
capsules are subject to a pO2 below 8%, for example if the
capsules are trapped in areas of the IP space that are more
hypoxic than the average value of 8% or if the capsules organize
or are fibrosed into large aggregates, the encapsulated islets may
not be able to deliver sufficient insulin to properly moderate
glucose levels. On the other hand, if the pO2 in the vicinity of the
capsules is maintained at 8% or above, proper glycemic control is
possible. This is evident from Fig. 2 C and D, where blood glu-
cose values can be maintained below the threshold of 220 mg/dL
for several months particularly when 1.5-mm capsules are im-
planted in the IP space (13).
In vitro measurements were initially performed for a time

period extending to 12 d to capture the long-term dependence of
insulin secretion on pO2 (Fig. 3 C and D). However, the mea-
surements for the last time point (day 12) showed that there was
reduced insulin secretion not attributed to reduced pO2 that is
observed in both the control (Fig. 3D, normoxic) and the test
(Fig. 3C, hypoxic) samples. We attribute the reduced insulin
secretion by the control samples to islet death that occurs in
nonimplanted, encapsulated islets when they stay in cell culture
for a prolonged period of time of a few weeks (57). While de-
tailed theoretical and experimental studies (25, 29) have con-
firmed the enhanced oxygen permeability of alginate when mixed
with PFCs, ultimately, no significant difference in the insulin
secretion results was observed between pure alginate and PFCE
alginate capsules.

In Vivo Variability of the Oxygen Environment of Encapsulated,
Transplanted Islets. To understand what oxygen conditions the
encapsulated islets encounter in vivo, MRI measurements were
conducted following implantation of fluorocapsules of two dif-
ferent sizes (0.5 mm and 1.5 mm diameter) into the IP space of

Fig. 3. Dependence of encapsulated islet function-
ality on oxygen conditions. (A and B) In vitro low (A,
2 mM) and high (B, 20 mM) glucose-stimulated in-
sulin secretion assay (GSIS) of encapsulated islets
(500 islet equivalents per group) under different
oxygen conditions (21%, shaded bars; 10%, cross-
hatched bars; 8%, solid bars; 3%, shaded hatched
diagonal bars). From the high-glucose GSIS assay it is
evident that at 3% pO2 (shaded hatched diagonal
bars) the amount of secreted insulin is below the
threshold of 8 ng/mL (red dashed line) necessary for
curing diabetes in adult mice when implanted with
500 islet equivalents. At 8–10% pO2 (solid and cross-
hatched bars), which is within the average range of
oxygen pressure in the IP space of mice, the amount
of secreted insulin is borderline above the therapeutic
threshold. Measurements were performed daily over
a period of 4 d. (C and D) High-glucose GSIS data over a 12-d period where the pO2 is changed every 4 d (C) and is maintained at 21% for the full 12-d period (D).
Even under normoxic conditions (D) islet functionality deteriorates over time. For all graphs values are mean ± SEM. All experiments were repeated at least
twice. Groups were compared with a nonparametric, pairwise Wilcox test with Benjamini and Hochberg (BH) correction for multiple comparisons (*P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant).
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healthy (implanted with empty capsules) and diabetic (implanted
with islet-containing capsules) mice (n = 5 for each capsule size),
with oxygen maps regularly produced over a period of 3 mo (at
1 d, 7 d, 14 d, 30 d, 60 d, and 90 d postimplantation) (Fig. 4).
Quantified oxygen content results showed significant variability
both from one mouse to another and within different regions of
the IP space of a single animal, in agreement with previous re-
ports (43). The median of the pO2 distribution is below 10%
(75 mmHg) (Fig. 4A) as expected from previous studies (22, 43,
58) and in accordance with in vivo measurements in the IP space
of mice using an optical-based oxygen microsensor (SI Appendix,
Fig. S4).
Negative pO2 values have been attributed by previous groups

to the difference between ex vivo (calibration studies) and in vivo
(animal studies) ambient conditions (18). As a result of the ex
vivo studies (SI Appendix, Fluorine MRI and Oxygen Calibration
Measurement), calibration curves (Fig. 4B) map the calculated
relaxation rates R1 (1/s) to oxygen pressure values (mmHg and/
or %pO2). The reliability of these curves can affect how accu-
rately MRI data are mapped and meaningfully converted to real
oxygen values. To produce these calibration curves images of the
calibration samples are taken at different inversion times (TI)
(Fig. 1 and SI Appendix, Fluorine MRI and Oxygen Calibration
Measurement). Representative graphs (“TI graphs”) of the de-
pendence of pixel intensity on TI and their corresponding fits
(“TI fits”; SI Appendix, Eq. S1) are shown for both ex vivo cal-
ibration experiments (Fig. 4C, Top row) and in vivo studies (Fig.
4C, Bottom row). Due to the limited number of TIs imposed by
the need to minimize scanning time, the TI graphs may not al-
ways capture the full extent of the theoretical curve described in
SI Appendix, Eq. S1. In addition, occasional poor signal-to-noise
ratio and movement, especially in the case of the in vivo studies,
can hinder the accuracy of the TI fits.
High pO2 values above 21% are the result of suboptimal TI

fits (Fig. 4C, Bottom row) on noisy TI curves, leading to the large
variability in the calculated average pO2 values (Fig. 4A). Noise
on the in vivo TI curves (Fig. 4C, Bottom row) that is not ob-
served on the ex vivo TI curves (Fig. 4C, Top row) is due to the
fact that the capsules in vivo are free-floating in the IP space and
subjected to movement over time due to peristaltic motion.
Movement due to respiration might also be a complicating fac-

tor; however, such effects were mitigated by maintaining a slow
and constant breathing rate below 20 respirations per minute
during each imaging experiment by controlled anesthesia.
Movement by either reason inevitably exposes the capsules to the
highly variable oxygen environment of the IP space (22, 43). In
addition, capsule movement reduces the possibility of them
maintaining constant presence around—or exposure to—well
vascularized and oxygenated areas. The estimated error in the
calculated pO2 values due to the limited number of TIs and
the accuracy of TI fits on noisy TI graphs was 10% of the
average value.
Over prolonged periods of time, there is a tendency for

0.5-mm capsules to combine in larger aggregates that are commonly
trapped in the fatty areas (i.e., mesentery and epididymal fat
pads) of the lower extremities of the animals (Fig. 5A, Right, Top
five panels), while this tendency is less pronounced for 1.5-mm
capsules (Fig. 5B, Right, Top five panels). Although we have
observed variations in capsule volumetric distribution as a result
of the surgery conditions (e.g., slight difference in the incision
position or implantation technique), typically the first day after
implantation the capsules of either size appear more dispersed
within the IP space compared with later time points (Fig. 5 A and
B, Left, Top five panels). Calculated pO2 spatial maps over the
same time points indicate that large capsule dispersity results in
large variability in pO2 values (Fig. 5A, Left, Middle five panels
and Fig. 5 B, Left and Right, Middle five panels), while as the
dispersity becomes smaller over time, the pO2 values appear
lower and more uniform (Fig. 5A, Right, Middle five panels). A
further quantitative verification of this observation is shown in
Table 1, where the percentage of difference of pO2 over a period
of 90 d (ΔpO2) is compared side by side with the percentage of
difference, over the same time period, in the median inter-
quartile range (Δiqr) of each pixel’s position in the MRI image
that corresponds to capsule signal (SI Appendix, Data Visualiza-
tion, Capsule Clustering, and Statistical Analysis and Eq. S2). In
the case of 0.5-mm implanted capsules, almost all mice show a
decrease in pO2 with a corresponding decrease in median iqr. In
the case of the 1.5-mm implanted capsules, the majority of mice
exhibit a variable iqr with no obvious decrease in pO2.
The change of capsule dispersity over time results in the ar-

rangement of capsules in spatial “clusters” whose size (referred

Fig. 4. Measuring pO2 distribution of encapsulated
islets implanted in the IP space of mice. (A) Calculated
pO2 distributions for all four groups of mice (n = 5 for
each group, healthy mice have no islets implanted, di-
abetic mice have 500 islet equivalents implanted per
mouse) as a function of time postimplantation. The
median of the distribution for all animal groups is be-
low 10% (75 mmHg) consistent with typical pO2 values
in the IP space. A declining trend is observed for the
healthy mouse group with 0.5-mm capsules. Outliers
that fall above the normoxic level of 21% are attrib-
uted to suboptimal TI fits. Negative outliers are attrib-
uted to the different imaging conditions ex vivo and in
vivo. (B) Calibration curves for samples of 0.5-mm and
1.5-mm capsules in a vial. Values are mean ± SD of all
pixel values defined by a circular ROI on the acquired
MRI images. (C, Top) TI curves (black points) and TI fits
(red line) for a calibration sample containing 0.5-mm
capsules in a vial and for three different pO2 values: 3%
(Left), 10% (Center), and 21% (Right). (C, Bottom) TI
curves (black points) and TI fits (red line) for 0.5-mm
capsules implanted in the IP space of mice for three
different pO2 values: 2.7% (Left), 4.4% (Center), and
9.5% (Right). In vivo the TI fits have a larger deviation
from the measured data due to motion (peristaltic, re-
spiratory) occurring during the MRI measurement. Each
MRI measurement is the average of two acquisitions.
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to henceforth as “occupancy,” indicating the number of image
pixels belonging to a specific cluster) and number also varies
with time (Fig. 5 A and B, Bottom and Fig. 5 C and D). To
classify each image pixel that corresponds to the real fluorine
signal to an identified cluster, we employed an unsupervised
machine-learning algorithm (hierarchical clustering) that is able
to automatically browse through thousands of 2D MRI images
and identify such clusters and calculate their occupancy, their
number, and their position (SI Appendix, Data Visualization,
Capsule Clustering, and Statistical Analysis). Using silhouette
scores as well as visual inspection on randomly sampled images
(SI Appendix, Eq. S3) we were able to assess the quality of
clustering assignments of each image pixel as satisfactory (SI
Appendix, Fig. S5).

Image Clustering Allows for More Accurate Identification of pO2

Gradients Within Capsule Aggregates. A quantitative estimation
of the oxygen content in implanted fluorocapsules was per-
formed, and its correlation to their spatial and temporal distri-
bution for both capsule sizes was determined (Fig. 6). Due to the
large variability in oxygen partial pressure in the IP space (22,
43), it is difficult to identify trends in the dependence of fluo-

rocapsule oxygen content as a function of time based on average
or median oxygen values alone (Fig. 4A). Instead, we estimated
the percentage of image pixels for every animal of each group
(and over all image slices with true fluorine signal) with a pO2
value below 8% (Fig. 6A, Top) for clusters of all possible occu-
pancies, as well as the number of identified clusters as a function
of time (Fig. 6A, Bottom) for each of the four animal groups.
Over a period of 3 mo data show that there is a larger variability
on the above metrics for both healthy (without islets) and di-
abetic (with islets) animals with 0.5-mm implanted capsules (Fig.
6A, Top and Bottom Left). In the case of mice implanted with 1.5-
mm implanted capsules, the variability was less pronounced (Fig.
6A, Top and Bottom Right). Between days 7 and 14 post-
implantation, inflections in oxygen trends were observed in both
the number of clusters and the percentage of pixels with pO2
smaller than 8% for all animal groups (Fig. 6A). This observation
may be the result of increased accumulation of immune cells in
response to implanted alginate capsules within the same period,
as has been verified in a previous study (11).
We subsequently looked at cluster occupancy, which is also

indicative of the cluster size, as an additional feature that may
relate to the capsule oxygen content (Fig. 6B). Oxygen content

Fig. 5. Spatiotemporal in vivo pO2 tracking and clustering. (A, Top) In vivo slice-by-slice fused MRI images of fluorocapsule distribution (19F-MRI, red) and soft
tissue anatomy (1H-MRI, grayscale) at day 1 (Left) and day 90 (Right) postimplantation for 0.5-mm fluorocapsules implanted in a healthy mouse (no islets,
empty capsules). z denotes depth within the mouse body. Each panel corresponds to a different coronal slice along z. The capsules of this size tend to
aggregate in large clusters over time. (B, Top) In vivo slice-by-slice fused MRI images of fluorocapsule distribution (19F-MRI, red) and soft tissue anatomy (1H-
MRI, grayscale) at day 1 (Left) and day 90 (Right) postimplantation for 1.5-mm fluorocapsules implanted in a healthy mouse (no islets, empty capsules). The
capsules of this size maintain a broad and rather disperse distribution throughout the 90-d time window. The images for each capsule size correspond to a
single mouse with the most extreme manifestation of tight (A) and broad (B) spatial distribution. The five most central 2D slices are shown in each case. (A and
B, Middle) Calculated pO2 spatial color maps using the procedure outlined in Fig. 1. Large capsule aggregates (A, Right, Middle) demonstrated the lowest pO2

levels (brighter colors correspond to decreased pO2). (A and B, Bottom) Using hierarchical clustering capsule aggregates can be labeled into clusters. Each
cluster in the images corresponds to a different color. (C and D) Temporal evolution of capsule organization and oxygen content for a mouse with 0.5-mm,
empty (no islets) implanted capsules. The 10 most central coronal slices are shown. Examples of large and small clusters of low and high dispersity are
highlighted with red arrows. The bottom grayscale image is an MRI anatomical image of the mouse (MRI operating in hydrogen mode) that shows the
position of the slices along the z plane (anterior–posterior view) and with respect to the head (H) and tail (T) of the mouse. Each MRI measurement is the
average of two acquisitions. Movie S1 shows a 3D rendering example of a combined anatomy and fluorine MRI image.
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(represented as a percentage of image pixels with pO2 below a
given value) as a function of time was determined for clus-
ters with two different occupancy ranges. We chose a middle
boundary occupancy condition of 20 pixels, which corresponds to
a maximum dimension of 7.8 mm, and a minimum occupancy of
3 pixels, which corresponds to a maximum dimension of 1.2 mm.
The minimum occupancy was chosen as it is an intermediate
value between the two different capsule diameters investigated in
this study and is used to minimize bias from image noise and
suboptimal TI fits. For all animal groups, clusters with occupancy
above the boundary of 20 pixels (Fig. 6B, Top, gray bars) had
significantly lower oxygen values (higher percentage of image
pixels with pO2 less than 8%) compared with clusters with oc-
cupancy below the boundary (Fig. 6B, Top, black bars). As
expected, in the case of all animal groups implanted with 0.5-mm
capsules (Fig. 6B, Top, first and second panels), the percentage
of pixels with higher oxygenation is initially higher compared
with the animal groups with implanted 1.5-mm capsules (Fig. 6B,
Top, third and fourth panels), which is justified by their smaller
diameter. Over time, however, a larger percentage of pixels for
the smaller 0.5-mm capsules became less oxygenated (Fig. 6B,
Top, first and second panels), which was not the case in the
animal groups with implanted 1.5-mm capsules, where the vari-
ation of oxygen content is not significant (Fig. 6B, Top, third and
fourth panels). This indicates that although at the end of the
study (90 d postimplantation) the average levels of oxygenation
were not significantly different between 0.5-mm and 1.5-mm
capsules, higher temporal gradients of pO2 were observed for

0.5-mm capsules when they were arranged in clusters of higher
occupancy (Fig. 6B, Top, first and second panels, gray bars).
The average number of clusters below and above the boundary

value of 20 pixels was identified in each animal group (Fig. 6B,
Bottom). Overall, there was a larger number of clusters within
the smaller-occupancy range (Fig. 6B, Bottom, black bars) com-
pared with clusters within the higher-occupancy range (Fig. 6B,
Bottom, gray bars) throughout the duration of the study for all
animal groups. The number of clusters in either occupancy range
does not vary significantly across all animal groups. For the
group of diabetic mice with implanted 0.5-mm capsules (islet-
containing, 500 islet equivalents per mouse) the number of
clusters within the smaller-occupancy range decreases signifi-
cantly compared with the other groups (Fig. 6B, Bottom, first
panel, black bars); however, the number of capsules within the
larger-occupancy range does not follow a proportional increase
(Fig. 6B, Bottom, first panel, gray bars), which indicates that the
latter clusters may increase over time in size as opposed to
number. For the group of healthy mice with implanted 0.5-mm
capsules (blank capsules, no islets) there is no significant de-
crease in the number of clusters within the small-occupancy
range, while there is a noticeable but nonsignificant decrease in
the number of clusters within the large-occupancy range (Fig. 6B,
Bottom, second panel). This particular group has the smallest
number of high-occupancy clusters at day 90 compared with all
of the other groups, but also the largest-sized clusters (Fig. 6C,
Bottom Left). Both healthy (without transplanted islets) and di-
abetic (with transplanted islets) mice with implanted 0.5-mm
capsules demonstrate the most significant changes in pO2 over
time as well as between clusters of different occupancies (Fig.
6B, Top and Bottom, first and second panels).
We also studied the correlation between average pO2 per

cluster and cluster occupancy for days 1 and 90 postimplantation
(Fig. 6C). The variability in average pO2 is larger for clusters of
small occupancy. The most significant contributing factor to this
variability is the larger range of movement in small clusters
compared with larger ones, which also results in higher rates of
underfitting of the TI plots. Above the occupancy threshold of
20 pixels (Fig. 6C, red dashed line in all panels) the variability
decreases to levels that are anticipated in the IP space. Notably,
the distribution of 0.5-mm capsules exhibits larger “tails” of high-
occupancy, low-pO2 clusters (Fig. 6C, Top and Bottom Left). This
effect is more pronounced for the case of 0.5-mm capsules
implanted in healthy mice (Fig. 6C, Bottom Left).

Discussion
In this study, we developed an image-based analytical framework
appropriate for tracking unconstrained cellular implants and
their physiological conditions over time in implantation sites that
can hold a large curative transplant biomass, thus allowing for
significant transient effects within the implant. As an example,
we investigated in vivo the temporal and spatial dependence of
the oxygen content available to encapsulated islets within two
different capsule sizes, implanted in the IP space of C57BL/
6 mice using fluorine MRI and clustering algorithms. In vitro
results show that at a pO2 of 8–10% islets encapsulated within
capsules of either size, with or without PFCE, can borderline
sustain an insulin secretion level slightly above 8 ng/mL, mini-
mally needed to maintain normoglycemia in adult mice when
they are implanted with a total of 500 islet equivalents per mouse
(Fig. 3). However, at a pO2 of 3% the insulin secretion levels fell
significantly below that threshold. In vivo, image-based calcula-
tion of capsule spatial dispersity correlates with oxygen content
and shows that as the capsules become less dispersed within the
IP cavity their oxygen levels decrease (Fig. 5 and Table 1). This
trend was true for 0.5-mm implanted capsules over a period of
90 d (Table 1, top 10 rows); however, no particular trend was

Table 1. Percentage of change in pO2 and iqr over a period
of 90 d

Mice % Δ(pO2) % Δ(iqr)

0.5-mm capsules
Healthy mice

Mouse 1 −15.8 51.2
Mouse 2 −28.2 −26.7
Mouse 3 −26.5 −29.8
Mouse 4 −42.0 −40.8
Mouse 5 −34.4 −26.3

Diabetic mice
Mouse 1 −4.7 30.6
Mouse 2 −14.7 −38.1
Mouse 3 −15.7 −47.3
Mouse 4 −19.2 −52.1
Mouse 5 −22.6 −48.9

1.5-mm capsules
Healthy mice

Mouse 1 −2.5 187.1
Mouse 2 12.3 27.4
Mouse 3 −14.1 −21.3
Mouse 4 9.4 6.2
Mouse 5 −0.6 −29.2

Diabetic mice
Mouse 1 −1.2 156.2
Mouse 2 6.5 5.1
Mouse 3 0.4 10.2
Mouse 4 −0.9 −13.1
Mouse 5 0.4 29.9

Each row corresponds to an individual mouse from each of the four
groups studied. For 0.5-mm capsules, decrease in pO2 over time is accompa-
nied by decrease in capsule dispersity for both islet-containing (diabetic
mice) and empty (healthy mice) capsules, with the exception of one healthy
mouse. For 1.5-mm capsules, no consistent trend across each animal group
can be observed. pO2 and iqr values are calculated over 12 image slices for
each mouse. Each MRI measurement is the average of two acquisitions.
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observed in dispersity and oxygen levels for 1.5-mm implanted
capsules (Table 1, bottom 10 rows).
The assignment of image pixels into clusters allowed us to

further derive significant associations between the oxygen con-
tent and the spatial arrangement of implanted capsules that
otherwise could not be observed if we average calculated pO2
values over the total image signal. Longitudinal measurements
were performed to determine these associations over time. We
found that 0.5-mm capsules tend to organize in clusters of higher
occupancy (larger size), consistent with their tendency to become
less disperse over time (Fig. 5). Furthermore, clusters of larger
size exhibit a decrease in measured oxygen levels as opposed to
individual capsules or small clusters that maintain their oxygen
content over time (Fig. 6).
Although our work does show not only the intracapsular oxygen

values, especially in the case of the small 0.5-mm capsules, the
tendency for aggregation in clusters makes a measurement of the
cluster oxygenation (as opposed to the individual capsule oxygen-

ation) more meaningful. To achieve sufficient resolution and signal-
to-noise ratio in the MRI images to quantify oxygen content across
single capsules scan time would need to be substantially increased.
Measurement of intracapsular partial oxygen pressure by
inserting the oxygen optical microsensor into the capsule was
unsuccessful and resulted in damage of the sensor. The observation
that no significant difference in insulin secretion was measured
between fluorinated and nonfluorinated capsules (Fig. 3) suggests
that the increased solubility of oxygen in perfluorocarbons does
not result in a functionally significant pO2 gradient between the
capsule interior (where the islets are located) and the surrounding
IP environment.
The findings in this study can be used to guide more efficient

designs of the bioartificial pancreas in terms of its optimal implant
size, cell quantity, and distribution within the implantation site. For
example, if the smaller-sized capsules have initially higher levels of
oxygenation that decreases over time due to the formation of large
clusters, as shown here, it might be beneficial to develop scaffolds

Fig. 6. Quantitative pO2 spatiotemporal tracking using unsupervised cluster analysis. (A) Percentage of pixels with pO2 values less than 60 mmHg (Top) and
total number of identified clusters (Bottom) over time for each of the four animal groups. These metrics appear to fluctuate from a smooth trend between
days 7 and 14, similar to the temporal dependence of the immune cell populations attached to alginate, as shown in previous studies. When clusters are
stratified to high (more than 20 pixels) and low (less than 20 pixels) occupancy, statistically significant differences are observed in the oxygen content of the
implants particularly for the high-occupancy clusters and for 0.5-mm capsules (B, Top, first and second panels, gray bars). Throughout the duration of the
study low-occupancy clusters are significantly larger in number compared with the high-occupancy ones for all animal groups. (C) Scatter plots of mean pO2

per cluster vs. cluster occupancy for animal groups with 0.5-mm implanted capsules (Left) and 1.5-mm capsules (Right) for days 1 (black circles) and 90 (gray
circles) postimplantation. For all graphs values are mean ± SEM. Groups were compared with a parametric, pairwise Student’s t test, with variance relaxation
and Benjamini and Hochberg (BH) correction for multiple comparisons (*P < 0.05; **P < 0.01; ns, not significant). Each MRI measurement is the average of two
acquisitions.
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that will host small-sized capsules at well-defined, equidistant po-
sitions within the implantation site. The relationship between the
total curative implanted biomass and the available oxygen supply at
the implantation site is another question that our methodology is
well suited to address. Furthermore, the methodology presented
here could be expanded to larger bipedal animals, such as non-
human primates, where capsule aggregation at the lower extremi-
ties due to gravitational pull is more pronounced and is anticipated
to lead to higher variability in measured oxygen content.
Despite nonoptimal experimental factors, such as the trade-off

between animal throughput and ideal MRI settings, capsule
motion during each measurement, and deviation between the
conditions of ex vivo oxygen calibration and in vivo measure-
ments, we were able to observe significant trends in the spatial
arrangement and oxygen content of implanted encapsulated
islets over time. The use of machine learning significantly
enhanced our ability to perform image-based assessment of
oxygenation in cellular implants in vivo over a large volume and
could be expanded to the study of other facets of implant func-
tion such as immunogenicity, angiogenic response, viability, and
therapeutic efficiency. Beyond unsupervised clustering algo-
rithms, deep-learning algorithms offer a promising avenue for
delineating important correlations within the multiparametric
implant environment by using as input a combination of data
such as imaging, chemical, or biological sensor data. The insight
gained from such an approach may help engineer improved
implant designs that lead to prolonged cure windows.
Aside from therapeutic cellular encapsulation systems in bioma-

terials, the interrogation of oxygen conditions and how they affect
transient cell populations such as immune cells, systemically ad-
ministered therapeutic cell grafts, and metastatic cancer cells, but
also noncellular drug delivery systems and biosensors, has been
primarily limited to in vitro studies due to the lack of whole-body in
vivo imaging techniques that are able to perform sensitive mea-
surements over a large volume. Fluorine MRI has the ability to do
so with a sensitivity that can be tuned by the magnetic-field strength,
as well as simultaneously probe the oxygen microenvironment
through the collection of a vast amount of 3D data. As shown in the
paradigm of this study, the drawback of tedious data collection can
be mitigated by advanced analytics based on machine learning that
facilitates the derivation of patterns from a large number of images.
Finally, the clinical relevance of fluorine MRI tracking of cell

populations is currently being demonstrated (59, 60). This
image-based technique may thus allow the tracking and physio-
logical monitoring of disease as well as novel therapies non-
invasively in humans.

Materials and Methods
Detailed description of materials and methods can be found in SI Appendix.

Preparation of the PFCE Nanoparticle Emulsion. We created PFCE–lipid
nanoparticle emulsions by mixing and sonicating a PFCE, ethanol, 1,2-
Dioleoyl-sn-glycero-3-phosphocholine, and deionized water mixture.

PFCE Loaded Alginate Solution and Islet Microencapsulation. Rat islets were
isolated and mixed with alginate at a concentration of 500 islet equivalents
per 0.4 mL of alginate. Capsules were formed from the islet–alginate mixture
and, before being implanted into mice, they were washed with sterile saline.

Toxicity Study and Leakage Study. Islet-containing PFCE-loaded alginate
capsules were implanted through laparotomy in the IP space of diabetic mice
and their blood glucose levels were monitored through sequential blood
draws. PFCE capsules of two different sizes were prepared as described above.
At different time intervals the capsules were imaged using fluorine MRI
against a standard sample containing 100% PFCE.

In Vitro Hypoxia Experiment—Glucose-Stimulated Insulin Secretion Assay. The
effect of three different hypoxic conditions on islet survival has been assessed
in vitro. Each day an islet glucose-stimulated insulin secretion (GSIS) assay was
performed in a subset of islet-containing alginate capsules incubated under
different hypoxic conditions, and the insulin secreted by the islets in response
to a glucose stimulus was measured. The same experiment was performed for
pure alginate, islet-containing capsules that were not loaded with PFCE.

Fluorine MRI and Oxygen Calibration Measurement. MRI imaging was per-
formed using a 7-T Varian 7T/310/ASR-wholemouseMRI system. A dual-mode
(1H/19F) volume coil was used for all of the imaging studies. For each capsule
size, five different samples were created, with each sample being continu-
ously flushed for at least 2 h with balanced nitrogen gases of a different O2

concentration. The samples were subsequently imaged with MRI in fluorine
mode and their T1 values were calculated.

In Vivo Hypoxia Experiment—MRI Imaging. All animal experiments were
performed in accordance with detailed Institutional Animal Care and Use
Committee protocols as reviewed and approved by the Committee on Animal
Care of the Massachusetts Institute of Technology. Ten diabetic and
10 healthy adult C57BL/6 mice were used in the in vivo experiments. Diabetic
mice were implanted with islet-containing capsules as described above, while
healthy mice were implanted with equal volumes (400 μL per mouse) of
empty capsules (no islets). Each group of mice was imaged with MRI in
fluorine mode at different days during a 90-d period.

In Vivo Hypoxia Experiment—Optical Oxygen Microsensor. The sensor was
placed at five different locations in the IP space of mice in the supine position.
Using ultrasound guidance, we inserted the oxygen microsensor 5 mm deep
into the IP space and recorded pO2 measurements after the sensor readings
were stabilized at each location in the IP cavity.

Blood Glucose Monitoring. Blood glucose levels for all diabetic mice studied
were estimated using a commercially available, handheld glucometer. Before
any treatment the glucose levels of diabetic mice were confirmed to be
consistently high for ∼2 wk.

Fibrosis Quantification at Terminal Time Point (ex Vivo). Capsules were re-
trieved from euthanized mice 3 mo after implantation. A hydroxyproline
assay kit was used to prepare the samples in each well for quantification.

Data Visualization, Capsule Clustering, and Statistical Analysis.All MRI images were
acquired using the Vnmrj software and were visualized using MATLAB. The T1
mapswere calculatedusing Julia. Statistical analysiswas performedusingRStudio.
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