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Abstract

By means of physical isolation of cells inside semi-permeable hydrogels, encapsulation has been

widely used to immunoprotect transplanted cells. While spherical alginate microcapsules are now

being used clinically, there still is little known about the patient’s immune system response unless

biopsies are obtained. We investigated the use of Magnetization Transfer (MT) imaging to non-

invasively detect host immune responses against alginate capsules containing xenografted human

hepatocytes in four groups of animals, including transplanted empty capsules (−Cells/−IS),

capsules with live cells with (+LiveCells/+IS) and without immunosuppression (+LiveCells/−IS),

and capsules with apoptotic cells in non-immunosuppressed animals (+DeadCells/−IS). The

highest MT ratio (MTR) was found in +LiveCells/−IS, which increased from day 0 by 38% and

53% on days 7 and 14 after transplantation respectively, and corresponded to a distinctive increase

in cell infiltration on histology. Furthermore, we show that macromolecular ratio maps based on

MT data are more sensitive to cell infiltration and fibrosis than conventional MTR maps. Such

maps showed a significant difference between +LiveCells/−IS (0.18±0.02) and +DeadCells/−IS

(0.13±0.02) on day 7 (P<0.01) existed, which was not observed on MTR imaging. We conclude

that MT imaging, which is clinically available, can be applied for non-invasive monitoring of the

occurrence of a host immune response against encapsulated cells.
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1. Introduction

MRI has widely been used as a non-invasive tool to monitor cell transplantation in animals

through iron oxide labeling of cells prior to transplantation [1–5]. This strategy has allowed

(real-time) tracking of cell delivery and assessment of the initial tissue engraftment pattern.

For certain types of transplantations, it is beneficial to employ hydrogels to immunoprotect

cells after transplantation, in order to prolong cell survival. These hydrogels are formed from

natural materials such as collagen, hyaluronic acid, chitosan, alginate, and gelatin [6–9], and

can be designed to self-assemble [10] and include features which direct cell differentiation

[8, 9, 11]. Alginate hydrogels have been shown to provide an immunological barrier for

transplanted cells for long periods of time [12], and have undergone small scale trials in

patients with several still ongoing [13], (NCT01736228; NCT01739829; NCT00790257;

NCT00940173; NCT00981006). In recent work, an alternative strategy for cell imaging has

been applied, labeling the hydrogels with contrast agents instead of directly labeling cells

[14–16], which provides several benefits [17–25]. One benefit of this strategy is that the

survival and function of the cells remains unaltered as they do not contain the label. Another

is that smart contrast materials, such as pH-sensitive contrast agents, can allow monitoring

the viability of encapsulated cells through detecting changes in pH [19].

One of the challenges of therapeutic cell transplantation is immunorejection of grafted cells.

Inflammatory responses can occur in reaction to the alginate hydrogel [26–28], engrafted

cells, the act of surgical transplantation, or combinations thereof [26]. Both the occurrence

of a foreign body response (FBR) and a host-versus-graft immune response are considered

to be major hurdles to successful transplantation [29]. These responses are complex and

orchestrated, especially after implantation of cell grafts within biomaterials, and involve

either an innate and/or an adaptive immune response [30]. These responses are characterized

by an acute and a chronic phase. In the acute phase, inflammation, deposition of proteins

and neutrophils [31], and activation of leukocytes take place. If inflammatory stimuli persist,

there will be a chronic response involving macrophages and dendritic cells (Fig. 1). Alginate

capsule implantation has been shown to induce a response by promoting macrophages and

activating dendritic cells which then leads to the production of pro-inflammatory cytokines,

and ultimately results in fibrosis [29, 31, 32]. In addition, crosstalk between infiltrating

immune cells and the encapsulated cell graft can enhance fibrosis [33]. There are multiple

adjustments which could be made to the transplantation protocol should there be a

significant immune response. For example, auxiliary immunosuppression regimes can be

administered to alleviate acute inflammation and halt progression to fibrosis, which may

prolong cell survival time. Alternatively, improvements in the porosity, hydrophilicity, or

surface properties of the hydrogel chosen to support the cell graft might minimize the FBR

[6].

Hence, it is highly desirable to have non-invasive methods available that can monitor the

occurrence and extent of an immune response early and serially over time, allowing
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implementing modifications to existing protocols. In particular, an MRI method that can

monitor cell infiltration or fibrosis and could be connected with the spatial location of the

transplant would be crucial to improve therapeutic outcome. Magnetization transfer (MT)

MR imaging, which generates contrast based on the concentration of semi-solid

macromolecules and the rigidity of tissue [34–37], has the ability to probe the composition

of tissue surrounding encapsulated cell grafts. By selectively saturating the semi-solid

macromolecular proton pool in the region of the graft, a reduction in water signal can be

produced with the amount of signal loss sensitive to the type of tissue and to changes in this

tissue [38–40]. MT has been applied to monitor demyelination in multiple sclerosis [41],

ischemia [42], and the extent of fibrosis in Crohn’s disease [43]. Quantitative MT

measurements have shown a decrease in the macromolecular fraction in apoptotic cells,

indicating sensitivity to cellularity [44]. Changes in collagen concentration and other

macromolecules can also be detected [45, 46]. To explore the applicability of MT imaging

in monitoring graft rejection, we collected MT images for subcutaneously xenografted

alginate capsules containing human HEPG2 hepatocytes in mice.

2. Materials and Methods

2.1. Preparation of diaCEST microcapsules

In brief, L-arginine containing liposomes were mixed with 2% alginate and cells, then

electrosprayed into a 20 mM BaCl2 bath to form beads. Beads were crosslinked with 0.1%

protamine sulfate [14, 19, 20, 24] and then coated with the second layer of 0.15% alginate.

L-arginine liposomes were prepared using the thin-film hydration method [47], and were

typically ~150 nm in diameter. HepG2 hepatocytes were grown in Eagle’s Minimum

Essential Medium with 10% fetal bovine serum. Capsules containing dead HepG2 cells were

prepared by treating HepG2 cells with 50 μM staurosporine prior to encapsulation. HepG2

cells were transduced to express luciferase using package lentivector (pLenti4-CMV-fLuc2)

[17], to confirm cell survival vs. cell death using bioluminescent imaging (BLI).

2.2. Animal studies

All animal studies were performed in accordance with guidelines provided by our

Institutional Animal Care and Use Committee. Balb/c mice (male, 6–8 weeks) were

obtained from Jackson Laboratory. The animals were housed under standard pathogen-free

conditions and had free access to water and standard laboratory chow. Encapsulated HepG2

hepatocytes were transplanted subcutaneously (2,000–3,000 capsules containing a total of

~0.5 million cells) into the lower abdomen of Balb/c mice (20–25 g). MRI and histological

studies were performed on four groups of animals: 1) immunosuppressed mice transplanted

with microcapsules containing live hepatocytes (+LiveCells/+IS, n=3); 2) mice without

immunosuppression transplanted with microcapsules containing live hepatocytes

(+LiveCells/−IS, n=3), 3) microcapsules containing dead hepatocytes (+DeadCells/−IS,

n=3) and 4) microcapsules without cells (−Cells/−IS, n=3). Cell containing alginate

microcapsules (diaCEST capsules) were prepared as reported previously [19]. For surgery,

mice were kept under 1–2% isoflurane anesthesia with encapsulated HepG2 cells

transplanted subcutaneously into the lower abdomen of mice for the +LiveCells/+IS,

+LiveCells/−IS, +DeadCells/−IS and −Cells/−IS groups. Mice in the +Cells/+IS group
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received a daily administration of both rapamycin and FK-506 at 1 mg/kg intraperitoneal

(i.p.).

2.3. Imaging Protocol

Mice were anesthetized using isofluorane and positioned in a 9.4T horizontal bore Bruker

Biospec scanner. MT, T1 and T2 images were collected for four groups of mice:

+LiveCells/+IS (n=3), +LiveCells/−IS (n=3), +DeadCells/−IS (n=3) and −Cells/−IS (n=3).

MT images were acquired on day 0, 1, 7, 14, and 28 post-transplantation with saturation

offsets of −50, −25, −12.5, −5, and −2.5 ppm using a continuous-wave (CW) saturation

pulse of (B1=3.6 μT, 3 sec). The imaging parameters were repetition time (TR)=5 sec,

RARE factor=10, effective echo time (TE)=5 msec. R2 relaxation data were acquired using

a multi-slice multi-echo sequence with 16 echoes, TE=10, 20, 30, 40, 50, 60, 70, 80, 90,

100, 110, 120, 130, 140, 150, and 160 ms. R1 relaxation data were acquired using a

saturation recovery method with the RARE imaging sequence, TR=0.2, 0.5, 1, 2, 3, 5, 7.5,

and 10 sec.

Images were processed using custom-written Matlab scripts with MTR=(S0-SSAT(ω))/S0

where S0 and SSAT(ω) are the signal amplitude measured without and with a saturation pulse

at frequency ω, respectively [48]. The ratio of parameters characterizing the amount of water

magnetization lost through exchange with macromolecular protons to the recovery of

magnetization through longitudinal relaxation was calculated using R*f0B/R1A, where R is

the macromolecular exchange rate, f0B is the proton fraction of the macromolecular pool,

and R1A is the longitudinal relaxation of the free water pool [44]. R1A and R2A were

independently obtained from R*f0B through standard exponential fits to the acquired R1 and

R2 data, respectively.

2.4. Histology

Samples of excised subcutaneously microcapsule regions were fixed in buffered formalin,

embedded in paraffin, and sectioned. Specimens were stained with hematoxylin and eosin

(H&E) and Masson trichrome. ImageJ was used to measure the number of nuclei in the

H&E stained sections. For Masson trichrome stain, the nucleus is black, cytoplasm and

erythrocytes are red, and collagen fibers are blue.

Statistical analyses were performed using a two-way ANOVA test for comparison of MTR

and R*f0B/R1A among the groups and times, and a one-way ANOVA test for comparison

between the groups. Spearman correlation was performed between the macromolecular ratio

and number of nuclei measured from histology.

3. Results

3.1. MT imaging

The source of magnetization transfer contrast is transfer of signal loss between

macromolecular and water protons [49, 50]. The extent of transfer depends on the relaxation

times of the protons, the relative population sizes, and the MT exchange rate. Since there are

a number of macromolecules implicated in immune reactions, we investigated how MT
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images change after implantation of alginate capsules into mice (Fig. 1). Figure 2 displays

representative MTR maps at −12.5 ppm after subcutaneous transplantation of alginate

capsules in four groups of mice: alginate capsules without cells (−Cells/−IS), capsules

containing live hepatocytes transplanted into mice receiving immunosuppression

(+LiveCells/+IS), transplanted alginate capsules containing live hepatocytes without

immunosuppressants (+LiveCells/−IS), and alginate capsules containing dead hepatocytes

without immunosuppression (+DeadCells/−IS). The MTR values for ROIs drawn over the

region containing alginate capsules were not significantly different among the four groups

on day 0, with an average MTR of 0.27±0.05. Comparing the images on days 7 and 14

revealed that the average MTR values were significantly higher in the cell-containing groups

that did not receive immunosuppression (i.e. +LiveCells/−IS and +DeadCells/−IS in Fig. 2).

This effect was particularly pronounced on day 14 with an average MTR value of 0.45 for

the +LiveCells/−IS group, which was 53% higher than on day 0, and even higher (17%

higher than day 0) at 28 days. The average MTR value of 0.42 for the +DeadCells/−IS group

on day 14 was also significantly higher than that of +LiveCells/+IS (P<0.001). MTR maps

did not display a significant difference between the +LiveCells/−IS and +DeadCells/−IS

(Fig. 2B). Furthermore, there was no significant change in MTR in both the +LiveCells/+IS

and −Cells/−IS groups (n=3; Fig. 2). These results indicate that the changes in MTR signal

are primarily caused by an (adaptive) immune response against the cell graft in the absence

of immunosuppression, regardless whether the cells are dead or alive. The innate immune

response (foreign body reaction to the alginate capsule in the absence of cells) appears to

play a relatively minor role.

3.2. Using MT to determine macromolecular ratios for animals containing live vs. dead
hepatocytes

In order to better understand our MT imaging data and better separate the two cell-

containing groups of mice not treated with immunosuppressants, we fitted the images as a

function of saturation frequency on a pixel-by-pixel basis according to a two-pool model.

The fits resulted in maps of the macromolecular fraction f0B and the ratio: R*f0B/R1A. As

shown in Figure 3, we observed significant differences between the groups (Fig. 3, n=3),

with the macromolecular ratios for the capsule region in the +LiveCells/−IS group

significantly higher than in the +DeadCells/−IS group (n=3, P<0.01; Fig. 3C) on days 7, 14,

and 28 post-transplantation. This is not observed in the MTR (Fig. 2B). This implies that

more semi-solid protons are present in the capsule region presumably because the HepG2

cells within the alginate actively produce soluble xenogeneic molecules (small proteins and

cytokines), that diffuse out of the capsules and attract immune cells. The number of immune

cells infiltrating into the capsules region is expected to be lower when dead hepatocytes are

encapsulated in alginate, as they cannot actively release cytokines. The macromolecular

ratio dropped on day 28 but the difference between these two groups was still significant

(n=3, P<0.01). This is likely caused by the release of xenogeneic protein and other

macromolecule (fragments), which are released upon cell death. To examine the sensitivity

of the macromolecular ratios for detecting cell infiltration, we compared the maps on day 1

among the three cell-containing groups (Fig. 6). There was a higher R*f0B/R1A and f0B in

groups without immunosuppression, indicating a higher macromolecular content for these

animals. In contrast, both R*f0B/R1A and f0B showed no changes over 28 days in the −Cells/
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−IS group (Fig. 6). The overall macromolecular ratio maps thus correspond to the MTR

maps, but have higher sensitivity for detecting differences between the four groups.

3.3. Histological analysis

In order to determine whether or not there were visible histological changes in the tissue that

corresponded to the differences that we observed with our MTR and macromolecular ratio

maps, we performed H&E and Masson trichrome stains on excised tissues. First, we looked

at the relative amount of host cells infiltrating into the capsule regions among the groups of

animals on days 7, 14, and 28 post-transplantation. The number of cells surrounding the

capsules was highest in the +LiveCells/−IS group, followed by the +DeadCells/−IS group

and the lowest for the +LiveCells/+IS and −Cells/−IS group (Fig. 4A, green arrows). The

day 14 staining displayed a particularly large number of infiltrating cells in the +LiveCells/

−IS and +DeadCells/−IS groups (Fig. 4B), which is in agreement with the high MTR and

macromolecular ratios in the capsule regions for the maps in Figs. 2 and 3. For the

+LiveCells/−IS animals, the number of cells infiltrating into the capsule region was

pronounced on day 7. Moreover, the cell-containing groups with the lowest MTR and

macromolecular ratio (+LiveCells/+IS) had the lowest number of infiltrating cells (Fig. 4),

as a result the of the stringent rapamycin/FK506 immunosuppression regimen that was used.

The H&E stainings of the −Cells/−IS group was comparable to that of +LiveCells/+IS group

with a low number of infiltrating cells over 14 days (Fig. 4). Blood cells were observed in

both non-immunosuppressed cell groups on day 14, which has been described previously

[33] (Fig. 4, yellow arrows). The number of nuclei measured in H&E sections correlated

with the macromolecular ratio (r=0.96 and P<0.0001, Fig. 4C).

3.4. Comparing the periphery and center of transplanted capsule regions

The macromolecular maps in the capsule region showed some heterogeneity which we

decided to investigate further. In particular, we found that the macromolecular ratio maps for

the +LiveCells/−IS mice showed a different pattern than for the +DeadCells/−IS mice (Fig.

5). The pixels in the capsule regions of the +LiveCells/−IS group had high values at the

center of the capsule region and low values in the periphery, while the +DeadCells/−IS

group had high values throughout the capsule region. After performing ROI analysis,

interestingly the +LiveCells/−IS animals had significantly higher macromolecular ratios in

the center as compared to the periphery (Fig. 5B) on day 7 (n=3; *, P<0.05) and on day 14

(n=3; **, P<0.005), which was not observed in the +DeadCells/−IS animals (Fig. 5C).

Partial volume effects could influence the pixels in the periphery. To minimize this, 1-mm

slices in the middle of the transplanted capsule region were chosen and checked with the

adjacent slices. In addition, differences were observed between the center and the periphery

in the +LiveCells/−IS group (e.g. +LiveCells/−IS, D14 in Fig. 3), but not in the other

groups. We then examined the H&E sections of the animals in these groups and found

differences in the morphology at the center (Fig. 5D). In particular, the center of the capsule

regions for the +LiveCells/−IS group displayed more granular structures while the periphery

showed layers of infiltrating cells around the capsules (Fig. 5D, yellow arrows). For the

+DeadCells/−IS group, the center and the periphery showed a similar density of infiltrating

cells, without granulation at the center of the capsule region (Fig. 5E, yellow arrows). With

these observations, we further examined the tissues by performing Masson trichrome stains
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to detect the presence of macromolecules that are present during the chronic phase of FBR,

characterized by fibrosis and collagen formation. In this stain, collagen is blue, nuclei are

black and muscle, cytoplasm and keratin are red. As compared the periphery and the center

of the +LiveCells/−IS capsule region on day 14 post-transplantation, a larger amount of

collagen fibers (blue) were found at the center of the region for the +LiveCells/−IS group

(Fig. 5E, yellow arrows) than within the periphery. Negligible collagen staining was

observed in the +DeadCells/−IS group (Fig. 5F).

Discussion

The current study shows that MT imaging can be used to detect changes in tissue after

transplantation of encapsulated cells. In order to investigate the variations which we might

detect based on the complexity of the host immune response to alginate-encapsulated cell

grafts, we studied immunocompetent mice with and without use of immunosuppressants.

The −Cells/−IS group was used as a control for the innate immune response, showing that

surface of the alginate capsule itself elicited a minimal FBR, while the +LiveCells/−IS and

+Deadcells/−IS groups were studied to investigate the immune responses with highly

immunogenic and mildly immunogenic cells, respectively. The +LiveCells/−IS and

+DeadCells/−IS groups were valuable to examine if MT imaging could be used to determine

whether there were differences in immune responses between shedded xenogeneic

molecules between live and dead cells. The MTR values were comparable among the four

groups on day 0, but increased in animals without immunosuppression on day 7 and day 14.

A large number of infiltrating cells is expected for the +LiveCells/−IS animals because of

the presence of highly immunogenic (xenogeneic) human hepatocytes in the alginate

capsule, which was confirmed by the H&E stains. The apoptotic cells in +DeadCells/−IS

elicited a somewhat milder cell infiltration (Fig. 4, green arrows). As the capsules prevent

direct cell-cell contact, the cell infiltration must be caused either by soluble xenogeneic

molecules that exit the semi-permeable capsules in addition to the capsule surface/FBR [51].

From previous studies it is known that the capsules allow molecules that are smaller than 75

kDa [14, 19] to pass through. Since dead cells are incapable of producing soluble molecules

and cytokines continuously, the increase in MTR was less substantial than that for

+LiveCells/−IS group.

Immune responses in the presence of both foreign body material on the capsule surface and

cellular antigens are orchestral and complex; in general the changes in MTR from day 7

onwards correspond to a chronic phase, leading to fibrosis (Fig. 1). The histological data we

collected as part of this study showed that the increase in MTR values and macromolecular

ratios are associated with the extent of infiltrating cells in the capsule region. These immune

cells consist of macrophages, neutrophils or dendritic cells [52]. Although MRI currently is

not able to identify these cells, a distinctive difference was observed in both MTR and

macromolecular ratio between the immunosuppressed group and the non-immunosuppressed

groups (Fig. 2). Capsules in both the +LiveCells/−IS and +DeadCells/−IS were surrounded

by a large number of cells on day 14 post-transplantation, including red blood cells

indicating neovascularization (Fig. 4, yellow arrows). The residual dying cells in the

+DeadCells/−IS can still elicit responses that recruit inflammatory cells [33], therefore, there

was a subtle difference in both the MTR and the number of infiltrated cells between the
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+LiveCells/−IS and +DeadCells/−IS. Both groups exhibited neovascularization on day 14,

which is likely induced by low oxygen conditions with a high cell density at the

subcutaneous transplanted capsule regions.

To further identify the subtle differences in immune responses in the +LiveCells/−IS and

+DeadCells/−IS, we quantified the MT properties of the capsule region through fitting the

saturation frequency dependent saturation images to a two-pool model, since MT contrast

depends on the relaxation times and line shape of water signal [53]. The macromolecular

ratio and maps provide an assessment of the macromolecular content of tissues and spatial

changes, and showed a significant difference between the +LiveCells/−IS and +DeadCells/

−IS groups (n=3, P<0.01). The morphological features of the +LiveCells/−IS group were

also different in the central area of infiltrating cells of the capsule region than at the

peripherial according to the H&E stains (Fig. 5D). In the center of the capsule region, areas

surrounding the capsules were granular with a lower density of cells. Masson trichrome

staining showed that the granular structures in H&E were collagen fibers (Fig. 5F, yellow

arrows). The center of the +LiveCells/−IS capsule region was mainly composed of collagen

and erythrocytes, and since the center is expected to be the least perfused and the

encapsulated cells lack of vasculaturization and oxygen, the center has a reduced cellularity.

Similarly, the center of the +DeadCells/−IS, was not as well perfused as the periphery,

however, there were no living HepG2 cells in the capsules actively producing xenogeneic

molecules to recruit immune cells and sustain the response. These observations might

explain our result of no difference between the center and the periphery (Fig. 5E), and the

absence of collagen fibers (Fig. 5G).

Transient immunosuppression regimes are preferred for suppressing acute inflammation. If

alginate capsules can protect the grafts from direct interacting with immune cells, the grafts

should be able to survive longer in vivo. Since the macromolecular ratios provides a number

which relates to the macromolecular content of tissues, including the number of infiltrating

cells, the amount of collagen, and amount of fibrosis, obtaining macromolecular ratio maps

might allow more timely application and modification of immunosuppressant regimes to

improve therapeutic outcomes. During the acute phase, which is day 1 post-transplantation,

the macromolecular ratios and f0B were slightly higher in both the +LiveCells/−IS and

+DeadCells/−IS groups than that in the +LiveCells/+IS group and the +LiveCells/−IS. f0B

was slightly higher than +DeadCells/−IS (Fig. 6), although the changes in f0B on day 1 were

not significant. The observed trend indicates that measuring these macromolecular ratios

allows one to assess the amount of cell infiltration following transplantation. Unlike biopsies

and other methods for assessing immune responses or FBR in cell therapies, MRI is non-

invasive and provides a good spatial resolution and regional information around the

transplanted capsules. We anticipate our MT/macromolecular ratio imaging approach to be

generally applicable in other scenarios where a host immune response against implanted

biomaterials may be present, including but not limited to hyaluronic acid hydrogels [54].

5. Conclusions

We have shown the potential of using conventional MT imaging and quantitative

macromolecular ratio maps to monitor the extent of the innate and adaptive immune
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responses in encapsulated cell therapy. Extensive cell infiltration and fibrosis can be non-

invasively detected with MT imaging with good spatial resolution. Moreover, the

macromolecular ratio maps display heterogeneity, which corresponds to differences in

collagen content between the center and the periphery of the surrounding cells. The use of

MT imaging may enable timely adjustments to immunosuppressive drug regimens in future

clinical use.
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Fig. 1.
Cartoon depicting a schematic representation of the host immune response following

transplantation of encapsulated cells in the four groups of mice: −Cells/−IS, +LiveCells/+IS,

+DeadCells/−IS and +LiveCells/−IS.

Chan et al. Page 12

Biomaterials. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
(A) Magnetization transfer ratio (MTR) maps at −12.5 ppm of representative mice with and

without encapsulated hepatocytes in the −Cells/−IS, +LiveCells/+IS, +DeadCells/−IS, and +

LiveCells/−IS groups at 0, 7, 14, and 28 days post-transplantation. (B) MTR (n=3) for ROIs

drawn over the implanted capsule region in the four groups at the corresponding time points

(*, P<0.05; **, P<0.01; ***, P< 0.001), indicating significant differences between the +IS

and −IS group.
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Fig. 3.
(A) Macromolecular ratio (R*f0B/R1A) maps at −12.5 ppm for mice of representative mice

with and without encapsulated hepatocytes in the −Cells/−IS, +LiveCells/+IS, +DeadCells/

−IS, and + LiveCells/−IS groups at 0, 7, 14, and 28 days post-transplantation. (B) Fits of the

frequency dependent MT data for the corresponding mice in A. (C) Macromolecular ratio

data for days 0,7, 14, and 28 in the four groups (n=3; *, P<0.05; **, P<0.01; ***, P<0.001).

A significant difference was found between the +LiveCells/−IS and +DeadCells/−IS group,

which was not observed in the MTR shown in Fig. 2.
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Fig. 4.
(A) Hematoxylin and eosin (H&E) staining of subcutaneous capsule regions for

representative −Cells/−IS, +LiveCells/+IS, +DeadCells/−IS and +LiveCells/−IS mice on day

7 and day 14 post-transplantation, with regions having infiltrating cells (green arrows) and

neovascularization (yellow arrows). (Scale bar = 50 μm). (B) The number of nuclei

measured in H&E sections was significantly higher in +LiveCells/−IS and +DeadCells/−IS

group than that in −Cells/−IS and +LiveCells/+IS groups (*, P<0.05; **, P<0.01; ***,

P<0.001), and (C) its correlation with the macromolecular ratio (R*f0B/R1A) was significant

with r=0.96 and P<0.0001.
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Fig. 5.
(A) Macromolecular ratio maps and ROIs for the center and periphery of the transplanted

capsule regions of representative mice in the +LiveCells/−IS (right) and +DeadCells/−IS

(left) groups. (B) Corresponding ratios for +LiveCells/−IS group (n=3), and (C) for

+DeadCells/−IS group (n=3), (*, P<0.05; **, P<0.01). (D) H&E staining showing the

periphery and center for a representative mouse in the +LiveCells/−IS group and (E) in the

+DeadCells/−IS group; Masson trichrome stains with collagen in blue for the periphery and

center for: (F) the +LiveCells/−IS group and (G) the +DeadCells/−IS group. (Scale bar = 50

μm).
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Fig. 6.
(A) Macromolecular ratio maps at −12.5 ppm on Day 1 post-transplantation for the four

groups of mice during the acute phase. (B) Calculated macromolecular ratios show that

+LiveCells/−IS and +DeadCells/−IS mice had higher ratios compared to +LiveCells/+IS and

−Cells/−IS mice, which also had a higher macromolecular fraction (f0B) (C).
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