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ABSTRACT About 43 million individuals in the U.S. encounter cartilage injuries due to trauma

or osteoarthritis, leading to joint pain and functional disability. Matrix-associated stem cell implants

(MASI) represent a promising approach for repair of cartilage defects. However, limited survival of

MASI creates a significant bottleneck for successful cartilage regeneration outcomes and functional

reconstitution. We report an approach for noninvasive detection of stem cell apoptosis with
magnetic resonance imaging (MRI), based on a caspase-3-sensitive nanoaggregation MRI probe
(C-SNAM). C-SNAM self-assembles into nanoparticles after hydrolysis by caspase-3, leading to 90%
amplification of "H MR signal and prolonged in vivo retention. Following intra-articular injection,
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C-SNAM causes significant MR signal enhancement in apoptotic MASI compared to viable MASI.

Our results indicate that C-SNAM functions as an imaging probe for stem cell apoptosis in MASI.

This concept could be applied to a broad range of cell transplants and target sites.
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oint injuries due to trauma or degen-

erative arthritis result in 44 million out-

patient visits and 992 100 hospitaliza-
tions each year.' ® Cartilage defects are
the main source of joint pain and disability
in these patients and are difficult to treat
because cartilage cannot self-regenerate.*
Advanced joint injuries are treated with
knee replacement procedures, with currently
700000 procedures per year and 3.48 million
annual procedures expected by 2030 The
lifetime of an artificial prosthesis is limited to
about 10 years due to wear of the implant, and
secondary prostheses are often associated
with complications.5~8 It would be better to
repair cartilage defects at an early stage, be-
fore major joint destruction occurs. New cell
therapies based on transplants of autologous
chondrocytes, stem cells, or stem-cell-derived
chondrocytes provide encouraging results in
this regard.>'® However, a major barrier for
long-term success of stem-cell-mediated car-
tilage repair is the death of transplanted cells
before they can exert their therapeutic effects.
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Apoptosis of transplanted stem cells in
cartilage defects can be triggered by pro-
inflammatory conditions at the tissue injury
site.''2 While the in vitro environment
used to culture stem cells features con-
trolled temperature, steady oxygen levels,
constant pH, and rich nutrition conditions,
the injury site is usually hypoxic,">~'> con-
tains high levels of inflammatory media-
tors,'® and has limited nutrients.”” As a
result, a large portion of implanted cells
undergo programmed cell death'” and are
cleared from the transplantation site by
macrophages,”'""'? leading to poor tissue
repair outcomes.'® A variety of interventions
for improved stem cell survival have been
recently proposed, such as growth-factor-
enriched biomaterials, genetic vectors for
increased expression of survival genes in
stem cells, short-term immunosuppression,
and apoptotic inhibitors and/or prosurvival
factors.">'"~2* An imaging technique that
could visualize stem cell apoptosis directly
would greatly enhance our ability to apply
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Figure 1. General design and mechanism of action of the caspase-3-sensitive nanoaggregation MRI probe (C-SNAM).
(a) Chemical structure of C-SNAM (1). Following disulfide reduction and caspase-3-triggered DEVD peptide cleavage, C-SNAM
transforms to a rigid and hydrophobic macrocyclic product 2, through a biocompatible intramolecular cyclization reaction
between 2-cyano-6-hydroxyquinoline and p-cysteine residue. The macrocycle 2 will subsequently self-assemble into Gd
nanoparticles, leading to an increase in r; relaxivity relative to the unactivated probe 1. (b) Corresponding mechanism
of action in vivo. (1) Intra-articular injection of C-SNAM into rat knee joints with implants of apoptotic and viable stem cells.
(2) In vivo activation of C-SNAM in apoptotic stem cell transplants through caspase-3-mediated activation. (3) Increased
relaxivity and retention effect of GANPs lead to enhanced MRI signal of apoptotic stem cell transplants.

these interventions at an early time when salvage of
cell transplants is still possible.

To address the urgent need of noninvasively detect-
ing transplanted stem cell apoptosis in vivo, we
developed a new magnetic resonance imaging (MRI)
approach by using a gadolinium (Gd)-based con-
trast agent (caspase-3-sensitive nanoaggregation MRI
probe, C-SNAM), which is activated by caspase-3, a
common cell apoptosis biomarker.2> We chose an MRI-
detectable biomarker because MRl is the only imaging
modality to date that can directly detect cartilage
defects in vivo.2*?” Our C-SNAM probe is fundamen-
tally different from previous approaches.?®?° C-SNAM
is a small molecular probe, which can be easily deliv-
ered to matrix-associated stem cell implants (MASI)
in cartilage defects through intra-articular injection
and passive diffusion. Upon caspase-3 activation,
C-SNAM is converted into Gd nanoparticles (GANPs)
through in vivo self-assembly. This increases its relaxivity
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(MR signal effect) and prolongs tissue retention in
apoptotic MASI, thereby providing enhanced target-
to-background contrast. On the basis of this “enhanced
relaxivity and retention effect”, we postulated that
C-SNAM could detect apoptosis of MASI in arthritic
joints in vivo with MR imaging, providing early, non-
invasive diagnosis of failed MASI with sub-millimeter
spatial resolution. This new MRI-based imaging ap-
proach could facilitate optimizations of MASI strategies,
could be broadly applied to a wide variety of stem cell
therapies beyond cartilage repair, and, ultimately, could
help to improve tissue regeneration outcomes.

RESULTS

Evaluation of Caspase-3 Activatable MRI Probe C-SNAM. We
synthesized C-SNAM, a small molecular Gd-chelate,
which can be easily delivered to MASI through intra-
articular injection and passive diffusion. Figure 1 shows
the chemical structure of C-SNAM and illustrates its
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mechanism of action in the presence of caspase-3.
Upon activation by caspase-3, the disulfide bond is
reduced and the peptide sequence of Asp-Glu-Val-Asp
(DEVD) is cleaved, liberating free N-terminal p-cysteine,
which is subsequently condensed with 2-cyano-6-
hydroxyquinoline intramolecularly to form cyclized
products (macrocycles | and ll), as detected by high-
performance liquid chromatography (HPLC) and
high-resolution mass spectroscopic (HRMS) analysis
(Figure 2a and Supporting Information Figure S1).
Due to the increased rigidity and hydrophobicity
of the macrocycles that can contribute to intermole-
cular interactions (i.e., hydrophobic interactions, 7—m
stacking), they further self-assemble into GdNPs
under physiological conditions, with diameters ran-
ging from 50 to a few hundred nanometers as detected
by dynamic light scattering (DLS) (Supporting Informa-
tion Figure S2). Transmission electron microscopy mea-
surement (TEM; in Figure 2b) further confirmed the
spherical shapes of individual nanoparticles, with size
distribution similar to that observed by DLS. Energy-
dispersive X-ray (EDX) spectroscopy analysis clearly
showed the elemental signals of Gd in the observed nano-
particles on TEM (Supporting Information Figure S3),
validating the caspase-3-activated formation of GANPs
through in situ self-assembly. Compared to the hydro-
philicity and small size of C-SNAM, the self-assembled
GdNPs have a much increased size and thus a longer
rotational correlation time (zg),>°~32 which can remark-
ably amplify the longitudinal r; relaxivity. The r; relax-
ivity of C-SNAM, as determined by in vitro MRI
measurements at 1 T, was 102 £ 1.5 mM~'-s™" and
increased to 19.0 & 0.5 mM~'-s™" after activation by
recombinant caspase-3 in enzyme buffer (Figure 1a).
This increase of ~90% was statistically significant
(P < 0.05). The higher r; relaxivity of C-SNAM after
caspase-3 activation resulted in significantly brighter
signal on T;-weighted MR images relative to C-SNAM
or Gd-DOTA (Dotarem) at the same concentration in
solution at 1 T (Figure 2c). Therefore, measuring the
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Buffer Dotarem C-SNAM

Figure 2. In vitro characterization of C-SNAM. (a) HPLC traces of C-SNAM (black) and the incubation of C-SNAM (200 M) with
recombinant human caspase-3 (50 nM) in the caspase buffer at 37 °C overnight (red). (b) TEM images of GANPs formed in the
solution of C-SNAM (200 «M) following incubation with caspase-3 (50 nM) in caspase buffer (pH 7.4) overnight. Scale bar:
500 nm. (c) T,-weighted images show brighter MR signal for C-SNAM than other probes upon caspase-3 incubation. C-SNAM

and Gd-DOTA (Dotarem) at 200 xM in enzyme reaction buffer were incubated with and without caspase-3 (50 nM) at 37 °C
overnight. T;-weighted FLASH images (TR/TE = 161/6 ms) of the incubation solutions were acquired at 1 T at 37 °C.

MRI signal allowed us to differentiate original intact
C-SNAM and caspase-3-activated GdNPs.

C-SNAM Detects Stem Cell Apoptosis in Vitro. To evaluate
the ability of C-SNAM to detect stem cell apoptosis
in vitro, we incubated viable and mitomycin C (MMQ)-
pretreated apoptotic rat adipose-derived stem cell
(rASC) with increasing concentrations of the C-SNAM
probe, followed by MRI, bioluminescence imaging
(BLI), and respective quantitative data (Figure 3).

C-SNAM-exposed apoptotic rASCs demonstrated T,
signals on MR images that were significantly stronger
than those of viable rASCs (Figure 3c). Corresponding
BLI studies confirmed apoptosis of MMC-exposed
cells and unimpaired viability of untreated cells, and
respective luminescent signal quantification showed
significant apoptosis in MMC-exposed apoptotic rASC
(P < 0.05, Figure 3d).

T, relaxation times of apoptotic rASCs were signifi-
cantly shorter than relaxation times of viable rASC after
incubation with C-SNAM at concentrations of 250
and 500 uM (p =< 0.0002; Figure 4a). Of note, shorter
T, relaxation times led to an increased MR signal on
Ti-weighted MR images. Further increases in C-SNAM
concentration did not result in significant differences
in MR signal effects between viable and apoptotic
rASC, presumably due to a saturation effect. Control
experiments with the nonactivatable small molecular
Gd-chelate Gd-DOTA did not show any significant
difference in T, relaxation times between viable and
apoptotic rASC (P > 0.05; Figure 4d).

Subsequent analysis of the Gd concentrations of
the cell samples with inductively coupled plasma mass
spectrometry (ICP-MS) revealed significantly higher Gd
concentrations in apoptotic rASC than in viable rASC
when incubated at 250 and 500 «M probe concentra-
tions. This suggests an increased retention of the probe
in apoptotic rASC, due to the caspase-3 activation
(P < 0.001; Figure 4b). In addition, rASC with equal
Gd content showed significantly shorter T; relaxa-
tion times for apoptotic than for viable cell samples,
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Figure 3. MRimaging and bioluminescence imaging of FLuc-eGFP-transfected rat adipose-derived stem cells. (a) T,-weighted
MR images of 3 x 10° viable and apoptotic FLuc-eGFP-transfected rASCs in PBS (control), 500 «M Dotarem (nonactivatable
contrast agent), or 500 uM C-SNAM solution. (b) Corresponding T, relaxation times of viable and apoptotic stem cells,
displayed as mean data of three experiments in each group with standard errors. *Indicates significant differences between
viable and apoptotic cells (P < 0.05). (c) Corresponding bioluminescence imaging studies of centrifuged pellets of viable and
apoptotic FLuc-eGFP-transfected rASCs in microcentrifuge Eppendorf test tubes. (d) Corresponding luminescent signal of
viable and apoptotic rASCs, displayed as mean data of three experiments in each group with standard errors. ***Indicates
significant differences between viable and apoptotic cells (P < 0.001).

indicating an additional component of contrast agent
activation (Figure 4c). In accordance with the T, relaxa-
tion times measured in Figure 4d, ICP-MS results
did not show any significant differences in Gd uptake
in viable and apoptotic cells after incubation with
Gd-DOTA (P > 0.05; Figure 4e).

MMC-treated apoptotic rASCs demonstrated posi-
tive caspase-3 immunofluorescent stains, while viable
rASCs showed negative stains (Figure 5a). Flow cyto-
metry analysis of caspase-3 expression (FLICA, a fluo-
rescent inhibitor of caspase-3) revealed that ~40% of
rASCs contained caspase-3 following MMC treatment
(Figure 5b). The quantitative fluorescent caspase-3
assay demonstrated ~4-fold increase in caspase-3 pro-
duction of apoptotic rASCs when compared to viable
rASCs (P < 0.0001; Figure 5c).

In Vivo Detection of Stem Cell Apoptosis. /n vivo MR and
optical imaging studies were performed in athymic
female Harlan rats at 24 h after transplantation of
viable FLuc-eGFP-transduced rASCs into an osteochon-
dral defect of the left distal femur (n = 5 knees) and
MMC-treated apoptotic FLuc-eGFP-transduced rASCs
into an osteochondral defect of the right distal femur
(n =5 knees; Figure 1). We chose the highest C-SNAM
concentration (500 xM) which showed significant dif-
ferences in MR signal between viable and apoptotic

NEJADNIK ET AL.

cells in vitro in order to account for a potential dilution
of the C-SNAM probe with synovial fluid in vivo.

Following intra-articular injection of the C-SNAM
probe, MR imaging studies demonstrated an initial
positive (bright) enhancement of all joint spaces on
T;-weighted sequences, followed by gradual enhance-
ment of MASI. At 30 min after intra-articular C-SNAM
injection, apoptotic MASI demonstrated a markedly
stronger signal enhancement than viable MASI (Figure 6a).
Accordingly, T, relaxation times of apoptotic transplants
were significantly shorter compared to viable transplants
(P = 0.0198). Follow-up MR imaging scans 24 h later
demonstrated recovery of the MR signal of both viable
and apoptotic implants, confirming elimination of the
probe. Corresponding quantitative data revealed no
remaining T; relaxation time shortening compared to
precontrast baseline values (P > 0.05; Figure 6b).

Corresponding BLI studies demonstrated a strong
bioluminescent signal of all rASC implants immedi-
ately after in vivo implantation, followed by loss
of BLI signal of MMC-treated rASC implants 24 h later
(Figure 6¢c and Supporting Information Figure S4).
The MMC-treated apoptotic rASC implants showed
a significant decline in bioluminescent signal when
compared to contralateral viable rASC implants
(P = 0.002; Figure 6d).
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Figure 4. Enhanced relaxivity and retention of C-SNAM in apoptotic rASCs in vitro. (a) T, relaxation times of viable and
apoptotic rASCs after incubation with increasing concentrations of the C-SNAM probe. *Indicates significant differences
between viable and apoptotic cells (P < 0.05). (b) Corresponding Gd uptake of viable and apoptotic rASCs (***indicates
significant differences (P < 0.001) between viable and apoptotic cells). (c) Ratio of the T, relaxation time/Gd uptake of viable
and apoptotic rASCs. (d) T, relaxation times of viable and apoptotic rASCs after incubation with increasing concentrations of
Gd-DOTA as a nonactivatable control probe. (e) Corresponding Gd uptake of viable and apoptotic rASCs. (f) Ratio of the T,
relaxation time/Gd uptake of viable and apoptotic rASCs. All data were measured as mean data of three experiments in each
group and standard errors.

b 10°
10
a
10
10
10° Apoptotic
10° 1 10° 10" 102 10° T
FLICA
c % %k % %k %k % %k %
i~ 50000 BViable
w O Apoptotic
& 40000
2
.2 30000
=
o
©
© 20000
3
8
o 10000
7]
S
0
Control Dotarem C-SNAM

Figure 5. In vitro analysis of rASC apoptosis at 24 h after incubation with mitomycin. (a) Confocal microscopy of viable
and MMC-treated apoptotic rASCs demonstrates cleaved caspase-3 (green fluorescence indicates activated caspase-3;
red fluorescence shows F-actin filaments, and DAPI displays cell nucleus with blue fluorescence). (b) Flow cytometry
(ex/em = 488/530) analysis of viable (left panel) and apoptotic rASCs (right panel) which were stained with the FLICA kit
(fluorescent inhibitor of caspases). (c) Quantification of cleaved caspase-3 in viable and apoptotic rASCs by the SensoLyte
homogenous AMC caspase-3/7 kit. Upon caspase-3/7 cleavage, Ac-DEVD-AMC generates the AMC fluorophore, which
has bright blue fluorescence and can be quantified at ex/em = 354 nm/442 nm. Data are displayed as means of three
experiments in each group with standard errors. ***Indicates significant differences between viable and apoptotic cells
(P < 0.001).

Histological immunofluorescent stains against cleaved and increased fluorescence signal in apoptotic MASI
caspase-3 confirmed the presence of active caspase-3 compared with viable MASI (Figure 7).
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(green arrow) and apoptotic rASCs (red arrow) in an osteochondral defect of representative rat knee joints before and 30 min
after intra-articular injection of C-SNAM. (b) Corresponding T, relaxation times of viable and apoptotic rASC implants at
different time points before and after intra-articular injection of C-SNAM. Data are displayed as means of five experiments in
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of representative viable (green arrow) and apoptotic (red arrow) rASCs immediately and 24 h after MASI implantation.
(d) Respective luminescent signal of viable and apoptotic rASCs. Data are displayed as means of five experiments in each
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Figure 7. Corresponding histopathology of viable (top row) and apoptotic (low row) rASC implants. (a) H&E stains show MASI
implant in the knee joint (b) DAPI stain shows cell nucleus (blue fluorescence), (c) red fluorescence demonstrates cleaved
caspase-3 in apoptotic rASCs. (d) Overlay of b and c (scale bar = 100 um).

DISCUSSION

Our data show that C-SNAM can detect apoptosis
of matrix-associated stem cell implants in arthritic
joints. C-SNAM enabled noninvasive in vivo differentia-
tion of viable and apoptotic stem cell transplants on
MR images with subcentimeter anatomical resolution.
The information provided by this novel MR mole-
cular imaging probe could be applied to evaluate

NEJADNIK ET AL.

endogenous or exogenous factors that support stem
cell survival in vivo and, ultimately, could facilitate
the development of stem cell therapies that lead to
successful cartilage repair.

Stem cells can regenerate cartilage.'> However,
cartilage defect repair outcomes of transplanted stem
cells have been highly variable in animal models. While
some groups have reported successful regeneration of
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hyaline cartilage, others have reported complications
such as fibrous tissue formation and incomplete heal-
ing with persisting cartilage defects.>*3 Cartilage
repair outcomes are dependent on survival of the
transplanted cells in injured cartilage.3® One of the
main reasons for lack of cartilage repair is cell apoptosis
due to pro-inflammatory conditions at the tissue injury
site.""""%39 Similar problems with apoptosis and loss
of transplanted stem cells have also been observed
in other disease models, such as stroke, Parkinson's
disease, myocardial infarction, muscular dystrophy,
and diabetes>® An imaging technique that could
monitor the viability of transplanted stem cells non-
invasively in vivo could be broadly applied to facilitate
the diagnosis of failed cell therapies and enable cor-
rective actions, such as revision surgery.

Currently, the success of MASI in arthritic patients is
determined by the degree of repair of the underlying
cartilage defect several months after the surgery,
as observed using MRI or arthroscopy.***' However,
stem cell death—the most common cause for failed
stem cell transplants—typically occurs during the
first few weeks after transplantation. There is currently
no imaging probe available that can detect cell
death directly. Our C-SNAM probe solves this problem,
thereby enabling accelerated detection of failed cell
transplants.

Our group has used iron oxide nanoparticles
for stem cell detection with MRL.**~** These studies
show that the signal kinetics of iron oxide nanoparticle-
labeled cells over time can provide some information
about the viability of the transplanted cells. The MR
signal of apoptotic iron oxide-labeled cells in cartilage
defects disappears faster than in iron oxide-labeled
viable cells because macrophages from bone marrow
migrate into the defect, phagocytose the iron-labeled
cells, and metabolize the internalized iron faster than
the original stem cells.*® However, this approach
requires direct labeling of transplanted stem cells
and at least two serial MRI scans.** *® In con-
trast, our method of using an intra-articular injection
of caspase-3 activatable Gd-chelate to diagnose MASI
apoptosis does not require any manipulation of the
transplanted stem cells and could be performed with
one MRI exam.

Previous approaches for in vivo detection of apop-
tosis have utilized radiotracers for single-photon
emission computed tomography or positron emission
tomography imaging, such as °™Tc, 1'®3, and F'8-
labeled annexin V**~>3 or near-infrared fluorophore-
labeled fluorescent probes for optical imaging.”* >’
While these radiotracer-based imaging techniques
are useful for some applications, they cannot provide
sufficient anatomical resolution for detection of carti-
lage defects, and some (radiotracers) are associated
with radiation exposure. Fluorescently labeled probes
have also been used forimaging cell death in anatomical

NEJADNIK ET AL.

regions other than cartilage.>*~>” However, to date,
optical imaging approaches do not provide sufficient
anatomical resolution or tissue penetration for stem cell
depiction in arthritic joints and are not established for
clinical applications. Our choice to create/use an MRI
probe circumvents many of these difficulties. Not only is
MRI the major imaging modality for evaluation of joints
in patients, making the technique directly clinically
translatable, but it also provides direct visualization of
cartilage defects with no associated ionizing radiation.
Additionally, our approach eliminates the need for
intravenous injection of the probe.?**°8%? This is re-
quired by most MRI-based techniques but is of limited
value for evaluation of cell transplants in cartilage
defects due to the low or absent vascularization of
cartilage. Intravenous contrast agent delivery also makes
it difficult to evaluate whether an increasing MRI signal
enhancement at a target site is due to increasing con-
trast agent concentrations or actual activation. We chose
delivery via direct intra-articular injection of a defined
dose and concentration of our C-SNAM probe to ensure
that any increase in MR signal in the evaluated cartilage
defects was either due to contrast agent retention or
increased contrast agent relaxivity, both of which indi-
cate caspase activation. Another advantage is that the
required contrast agent doses are very low, thereby
minimizing any systemic side effects.

Recently described alternative MR techniques for
imaging stem cell death utilized pH-sensitive alginate-
based nanosensors?® and MR-detectable peptides and
proteins.”®*%%1 The pH-sensitive alginate-based nano-
sensor technique is suitable only for cells in hydrogel
and not for cells that have been injected directly
into the joint or that have migrated elsewhere; this
technique may also provide a false indication of
cell death due to hydrogel material breakdown or
change in pH of the surrounding environment.*® Other
MR-detectable peptides and proteins have been
designed for detection of the anionic phospholipid
phosphatidylserines.”®***®" However, the delivery of
these large molecular contrast agents to target sites
was limited, thereby limiting the sensitivity of this
approach.>® In addition, systemically applied protein-
based probes may trigger immune reactions, thereby
limiting repetitive administrations. All previous ap-
proaches to detect cell death with activatable MRI
biomarkers were hampered by the limited sensi-
tivity of MRI for detecting small changes in relaxivity
(MR signal effect) between nonactivated and activated
probes. Rather than relying on caspase-3-induced
changes in relaxivity alone, we controlled and en-
hanced differences in MRI signal between viable and
apoptotic MASI by direct intra-articular C-SNAM deliv-
ery and by using the nanoaggregation properties of
our probe to increase probe retention in apoptotic
MASI. We could iteratively improve the design of our
probe to maximize both sensitivity and specificity by
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exchanging Gd with iron oxide or manganese back-
bones, designing bifunctional probes for combined
MRI plus radiotracer or fluorescent imaging, and add-
ing approaches for further enhanced in vivo nano-
aggregation. Of note, every aspect of our probe has
been developed with safety in mind (clinical MR
imaging approach, nonimmunogenic clinically used
Gd-chelate, clinically established delivery mode, rapid
elimination of the probe, etc.), making it possible to
rapidly translate our probe into the clinic.

CONCLUSION

In summary, we developed a novel, clinically trans-
latable approach for in vivo detection of stem cell

MATERIALS AND METHODS

Synthesis of C-SNAM Substrate and Analytical /n Vitro Characterization.
We generated C-SNAM by a combination of solution-phase
and solid-phase syntheses.5? After chelation with Gd>* at pH 6.5
at room temperature overnight, C-SNAM was purified by semi-
prepared HPLC and obtained as a light yellow powder after
lyophilization. The purity of C-SNAM was characterized by
analytical HPLC (Dionex Corporation). The compound was
identified by matrix-assisted laser desorption/ionization mass
spectroscopic analysis and further confirmed by HRMS.

To determine whether C-SNAM is a substrate for cleaved
caspase-3, C-SNAM (200 «M) was incubated with human re-
combinant caspase-3 (50 nM, R&D systems), and the reaction
was monitored by using HPLC and by measuring the molecular
weight with HRMS. The nanoparticle size of GANPs was mea-
sured with DLS and TEM. To prepare samples for TEM, a 10 uL
solution of C-SNAM (200 uM), which had been incubated with
caspase-3 (50 nM) in enzyme buffer overnight, was loaded onto
a carbon-coated, 400 mesh copper grid (SPI Supplies) and
allowed to remain for a few minutes. Excess fluid was removed
from the grid. The same grid was washed with 10 uL of ultrapure
water, and the excess liquid was removed with kimwipes.
The grid was air-dried, and the last traces of solvent were fur-
ther removed under vacuum. The TEM micrographs and EDX
spectroscopy analyses were obtained on an FEI Tecnai G2 F20
X-TWIN transmission electron microscope via standard proce-
dures. The r, relaxivity of the C-SNAM Gd probe before and after
incubation with caspase-3 (50 nM, overnight) in enzyme buffer
was obtained by measuring the relaxation time T; ona 1 T MR
scanner (ICON, Bruker BioSpin Corp.), using a standard inver-
sion recovery fast spin—echo sequence. Relaxation rates (R;)
were determined as 1/T;. Longitudinal relaxivities (r;, a unit
of mM~"-s7") were calculated as the slope of R; versus [Gd] after
determination of true Gd concentration for each sample by the
ICP-MS (Nu plasma AttoM high-resolution ICP-MS) measure-
ment. T;-weighted MR images were performed on a 1 T MR
scanner (ICON, Bruker BioSpin Corp.) using a T;-weighted FLASH
sequence (TR=161, TE=6,FOV =4 X 4, flip angle = 30, matrix =
256 x 256, slice thickness = 1 mm, number of averages = 5) and
a series of inversion recovery fast spin—echo scans, identical in
all aspects (TR 6000 ms, TE minimum, field of view = 6 cm, slice
thickness = 2 mm, matrix = 128 x 128, NEX 1) except for the
inversion time (TI) which was varied as follows: 4000, 2400, 1200,
800, 600, 400, 300, 200, 100, and 50 ms. For quantitative data
analysis, MR signal intensities were extracted from each of the
samples at each of the TI times by manual region of interest
placement. Signal intensity versus Tl relationships were fit to the
following exponential T; recovery model by nonlinear least-
squares regression: SI (Tl) = So[1 — 2*exp(—TI/T;) + exp(—TR/Ty)].

In Vitro Evaluations of Stem Cell Apoptosis. rASCs were harvested
and extracted from the abdominal fat pad of nude rats as
described previously.® rASCs were grown in DMEM media
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apoptosis with a caspase-3 activatable contrast agent
for MR imaging. This novel approach may be useful for
in vivo monitoring of the viability of transplanted stem
cells and facilitating the development of successful
cartilage regeneration techniques. This may enable us
to diagnose stem cell transplant failures at an early
stage and provide a new imaging biomarker that could
help to assign recipients with failing transplants to
early interventions or alternative treatment options.
The described enhanced relaxivity and retention (ERR
effect) of activatable nanoaggregation MRI probes
could be used as a platform technology for monitoring
specific enzyme activities of other cell transplants and
other disease processes in the future.

supplemented with 10% stem cell qualified FBS and 100 U/mL
penicillin/100 u#g/mL streptomycin and subcultured at 80—90%
confluency up to five passages. Medium was changed three
times a week. Cells at passage 5 were used for all experiments.

To enable noninvasive assessment of stem cell viability,
we transduced rASCs with a lentiviral vector construct of the
firefly luciferase reporter gene and enhanced green fluorescent
protein (FLuc-eGFP), controlled by the constitutively active
cytomegalovirus (CMV) promoter. For viral transduction, rASCs
were cultured on 10 cm? plastic dishes at 50—70% confluency
and infected with concentrated CMV-FLUC-eGFP lentivirus
particles (kindly donated by Dr. Paulmurugan, Stanford
University) in medium containing 8 mg/mL Polybrene (Sigma)
for 48 h. Fluorescence-activated cell sorting was used to create a
pure population of transduced cells by separating eGFP-expres-
sing cells.

To induce rASC apoptosis, 5 x 10° FLuc-eGFP-transfected
rASCs were incubated with 0.5 mg/mL of MMC (Sigma-Aldrich)
in DMEM media for 1 h. The cells were washed with PBS
and incubated in FBS supplemented DMEM media overnight.
Cell viability or apoptosis was confirmed by incubating rASCs
with p-Luciferin to determine FLUC activity of the cells with
bioluminescent imaging (IVIS Spectrum, PerkinElmer).

In order to confirm the concept of apoptosis detection via
C-SNAM activation and to determine the C-SNAM optimal dose
for subsequent in vivo experiments, triplicate samples of 3 x 10°
MMC-treated and untreated FLuc-eGFP-transfected MMC-trea-
ted and untreated rASCs were incubated with PBS, Gd-DOTA,
and C-SNAM probe at concentrations of 0, 250, 500, and 1000 uM
overnight. All cell samples underwent MR imagingona 1 T MR
scanner (ICON, Bruker BioSpin Corp.) using a T;-weighted FLASH
sequence (TR = 161 ms, TE = 6 ms, FOV = 4 x 4, flip angle = 30,
matrix =256 x 256, slice thickness = 1T mm, number of averages = 5)
and a series of the T;-weighted FLASH sequences (TR = 1200, 600,
400, 300, 200, 100, 50, 27 ms, TE = 8.8 ms, FOV =4 x 4 cm, flip
angle = 20, matrix = 128 x 256, slice thickness = 1 mm, number
of averages = 1) to calculate T; relaxation time maps using the
saturation curve fitting function of the ParaVision software
(Bruker BioSpin Corp.). T; relaxation times of all cell samples were
measured on these T; maps by one investigator (H.N.), using
operator-defined regions of interest.

Caspase-3 activation of MMC-exposed cells was confirmed
by immunofluorescent staining. After rASC samples were
blocked with PBS containing 5% goat serum and 2.5% BSA
(blocking buffer), samples were incubated at 4 °C with a cleaved
caspase-3 primary antibody (Cell Signaling Technology Inc.)
for 2 h, followed by a 2 h incubation with an anti-rabbit IgG(HL)
F(ab’)2 fragment Alex Fluor 488 secondary antibody (Cell Signal-
ing Technology Inc.). Samples were then mounted with ProLong
Hold antifade reagent with DAPI (Invitrogen). The SensolLyte
homogenous AMC caspase-3/7 kit (AnaSpec) was used to quan-
tify the cleaved caspase-3 in MMC-treated cells and untreated

VOL.9 = NO.2 = 1150-1160 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

1157



controls. According to the manufacturer's instructions, the sub-
strate Ac-DEVD-AMC was used to generate an AMC fluorophore
when caspase-3/7 was cleaved. The AMC fluorophore was
detected using a fluorometer (ex/em = 354 nm/442 nm). The
number of cells that contained activated caspase-3 was quanti-
fied with the Vybrant FAM caspase-3/7 assay kit, which is based
on the affinity of active caspases with a fluorescent inhibitor of
caspases (FLICA). Cell samples are incubated with the propidium
iodide and FLICA reagent (according to the FLICA kit instruction)
for 1 h, then washed and analyzed through flow cytometry.
The FLICA reagent is a conjugate of a caspase-specific amino
acid sequence with a fluoromethyl ketone moiety that can react
covalently with a cysteine in caspases. In addition, a carboxy-
fluorescein group (FAM) is attached as a reporter for flow
cytometry (ex/em = 488/530).

In Vivo Imaging of Stem Cell Apoptosis. The study was approved
by the committee on animal research at our institution. Athymic
rats were chosen for this study because the size of the rodents was
adequate for MR and BLI and the use of immuno-compromised
animals excluded transplant rejection as a possible confounding
variable.

In vivo imaging studies were performed in five nude athy-
mic female Harlan rats, which received either transplants
of viable rASC (n = 5 knees) or apoptotic rASC (n = 5 knees)
in osteochondral defects of the distal femur. A circular osteo-
chondral defect (diameter = 2 mm, depth = 1 mm) was created
in the trochlear groove of the distal femur with a microdrill
(Flash DP Tabletop Micromotor, DBI America Corp, FL, USA)
under inhalation anesthesia. Viable FLUC-eGFP-transduced
rASCs (5 x 10°) were implanted into the right knee joint, and
MMC-treated FLUC-eGFP-transduced rASCs were implanted
into the left knee joint using an agarose-based scaffold (1 uL,
type VII, Sigma-Aldrich, St Louis, MO, USA).

Twenty-four hours after cell implantation, experimental
and control groups underwent MR imaging of both knee joints
ona 1TMR scanner (ICON, Bruker BioSpin Corp.) before and at
30 min, 3 h, and 24 h after intra-articular injections of approxi-
mately 40 uL of the C-SNAM Gd probe at a concentration of
500 uM. Knee joints were evaluated with a sagittal T;-weighted
FLASH sequence for depiction of MASI (repetition time, TR =
160 ms, echo time, TE =8 ms, matrix = 256 x 256, acquisition = 20)
as well as a corresponding FLASH sequence with lower anatomi-
cal resolution and multiple TRs (TR 1200, 600, 400, 300, 200, 100,
50, 27 ms, TE = 8 ms, matrix = 128 x 256, acquisition = 1) for T,
quantification. All MR images were obtained with a field of view
(FOV) of 4 x 4 cm and a slice thickness of 1 mm. T, relaxation time
maps were generated with the ParaVision software (Bruker
BioSpin Corp.), and T; relaxation times of all MASI were measured
on these T; maps by one investigator (H.N.).

Viability or apoptosis of transplanted FLuc-eGFP-trans-
fected rASCs was confirmed with bioluminescent imaging
(IVIS Spectrum, PerkinElmer). Immediately and 24 h after
cells implantation, animals underwent BLI imaging of both
knee joints after intra-articular injection of 60 uL of p-Luciferin
(30 mg/mL).

After completion of all imaging experiments, the animals
were sacrificed and knee joints were processed for immuno-
fluorescent stains for detection of cleaved caspase-3 and con-
firmation of apoptosis. Knee joints were explanted, dissected,
and placed in Cal-Rite (Fisher Scientific), dehydrated through
graded alcohol washes (70, 95, and 100%) and xylene (EMD,
Millipore, USA), embedded in paraffin, and sliced into 5 um thick
tissue slices on glass slides. The slides were dewaxed to undergo
immunofluorescent staining to detect presence of cleaved
caspase-3 in the implants.

Statistical Analysis. We used ParaVision software (Bruker
BioSpin Corp.) to calculate the T, relaxation times and Living
Image software to calculate the photon influx of the BLI
images. For the statistical analysis of T, relaxation times, data,
and photon influx of BLI images, we employed a Student's
t test for the comparison between viable and apoptotic
samples of in vitro and in vivo experiments. P values <0.05
were considered to be statistically significant. We used Prism 6
(Prism GraphPad Software, Inc.,, San Diego) to perform the
statistical tests.
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