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Abstract

Purpose: We studied the feasibility of labeling hydrogel scaffolds with a fluorine nanoemulsion
for 19F- magnetic resonance imaging (MRI) to enable non-invasive visualization of their precise
placement and potential degradation.

Procedure: Hyaluronan-based hydrogels (activated hyaluronan, HA) with increasing concentra-
tions of fluorine nanoemulsion (V-sense) were prepared to measure the gelation time and
oscillatory stress at 1 h and 7 days after the beginning of gelation. All biomechanical
measurements were conducted with an ARES 2 rheometer. Diffusion of fluorine from the
hydrogel: Three hydrogels in various Vs to HA volumetric ratios (1:50, 1:10, and 1:5) were
prepared in duplicate. Hydrogels were incubated at 37 °C. To induce diffusion, three hydrogels
were agitated at 1000 rom. 1H and 19F MRI scans were acquired at 1, 3, 7 days and 2 months
after gel preparation on a Bruker Ascend 750 scanner. To quantify fluorine content, scans were
analyzed using Voxel Tracker 2.0. Assessment of cell viability in vitro and in vivo: Luciferase-
positive mouse glial-restricted progenitors (GRPs) were embedded in 0:1, 1:50, 1:10, and 1:5
Vs:HA mixtures (final cell concentration =1x 107/ml). For the in vitro assay, mixtures were
placed in 96-wells plate in triplicate and bioluminescence was measured after 1, 3, 7, 14, 21, and
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28 days. For in vivo experiments, Vs/HA mixtures containing GRPs were injected subcutane-
ously in SCID mice and BLI was acquired at 1, 3, 7, and 14 days post-injection.

Results: Mixing of V-sense at increasing ratios of 1:50, 1:10, and 1:5 V/v of fluorine/activated
hyaluronan (HA) hydrogel gradually elongated the gelation time from 194 s for non-fluorinated
controls to 304 s for 1:5 V-sense:HA hydrogels, while their elastic properties slightly decreased.
There was no release of V-sense from hydrogels maintained in stationary conditions over
2 months. The addition of V-sense positively affected in vitro survival of scaffolded GRPs in a

dose-dependent manner.

Conclusions: These results show that hydrogel fluorination does not impair its beneficial
properties for scaffolded cells, which may be used to visualize scaffolded GRP transplants with

19F MRL.
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Introduction

The field of regenerative medicine currently faces a fiustrating
paradox: successful and promising outcomes in animal studies, yet
failure during clinical trials [ 1-3]. There is a growing consensus that
this discrepancy is driven by anatomical differences between small
animals and humans, primarily the difference between the sizes of
the central nervous system. The main challenge to successful
translation of therapies in the field of regenerative medicine is cell
delivery and distribution [4]. Glial-restricted precursors (GRPs) are
capable of replacing defective macroglia and have been shown to
provide the most beneficial therapeutic effect in small-animal
models [5, 6], but only if extensive and global engraftment is
achieved [7]. The translation of these benefits to patients with
diseases that affect the spinal cord has been challenging [8]. The
human spinal cord is much larger than that of a mouse; for
widespread cell distribution, multiple intraspinal injections over the
entire spinal cord would be required, which is neither safe nor
feasible. In addition, access to the spinal cord parenchyma is
difficult and requires extensive, complication-prone neurosurgery.
The intra-arterial route of cell delivery is highly promising for the
treatment of brain disorders due to favorable vascular access [9, 10].
In contrast, the spinal cord is supplied by a network of tiny arteries,
which are not easily accessible by endovascular catheters [4]. The
intrathecal route, however, is very attractive for cell delivery due to
the favorable surface-to-volume ratio of the spinal cord, the
minimally invasive character of lumbar puncture, and the facile
placement of a catheter [4]. However, cells suspended in solution
easily amass after transplantation, losing direct contact with the
spinal cord, which may hamper their engraftment. Thus, the
embedding of GRPs within a hydrogel might provide the support
necessary to keep cells in close proximity to the spinal cord; this
would facilitate their readiness for migration into the spinal cord
and labeling of a hydrogel may enable precise delivery to the
required segment of the spinal cord, as well as report on the process
of hydrogel degradation [4].

Among a variety of available biomaterials capable of
forming hydrogels, hyaluronan is particularly attractive, as it
is a common component of the extracellular matrix [11]. It is
a biopolymer of disaccharide (B1,4-p-glucuronic acid and

B1,3-N-acetyl-p-glucosamine), which is extracted from
tissues or biotechnologically synthesized. It ultimately forms
a soluble and viscous liquid. The introduction of easily
cross-linkable chemical groups, such as thiols, into
hyaluronan monosaccharides opens an attractive possibility
of forming hyaluronan-based, three-dimensional hydrogels
under physiological conditions [12—-14]. Hyaluronan-based
hydrogels are considered viable candidates for cellular graft
support [15, 16].

There are various approaches to hydrogel imaging, such
as radiotracers [17], fluorescent agents [18], traditional
magnetic resonance imaging (MRI) contrast agents, such as
gadolinium [19], or label-free MRI contrast agents [20],
which are tuned to specific experimental needs. The short
half-life of radiotracers excludes long-term imaging, and
fluorescence is not applicable to invasive destinations like
the spinal cord or the intrathecal space. MR imaging of the
intrathecal space is also plagued by magnetic field inhomo-
geneity and susceptibility artifacts, which limit the value of
proton-based MR imaging, including the use of
superparamagnetic iron oxide (SPIO) nanoparticles. In
addition, SPIO-based cell tracking techniques are plagued
by difficulties in interpretation, as hypointense signals
generated by iron contrast can be confused with hemorrhage,
air, and other magnetic susceptibility artifacts. It has also
been shown that dying cells release contrast that is
internalized by local tissue macrophages and the detected
MRI signal cannot distinguish between viable stem cells or
phagocytes. 19F MRI is a “hot spot” imaging technique
[21] devoid of background signal and the contrast agent
removed from dying cells is rapidly cleared from the tissue.
19F hot spot MRI using a clinically applicable fluorine
nanoemulsion has already been shown to overcome some of
the limitations of using SPIO nanoparticles [22, 23].

The aim of this study was to assess the feasibility of labeling
an HA-based hydrogel with a fluorine nanoemulsion to serve
as an MRI-visible, injectable scaffold for GRP transplants. This
report includes rheological properties, swelling characteriza-
tion, stability of labeling, and the influence on GRP survival of
hydrogels in vitro and in vivo.
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Materials and Methods
Cell Culture

Murine glial-restricted precursors (GRPs) were harvested
from second-trimester fetuses, as previously described [12].
Transgenic mice with conditional expression of green
fluorescence protein (GFP) under a proteolipid protein
promoter (PLP) and the constitutive expression of luciferase
were used as donors. GRPs were expanded on polystyrene
flasks coated with poly-L-lysine and laminin in the medium
consisting of DMEM/F12 supplemented with N2 and B27,
bovine serum albumin (BSA), heparin, and B-FGF. The
culture medium was exchanged every third day, and, at 70—
80 % of confluency, cells were detached by trypsin/EDTA
and split 1:3. We used cells at the second to fourth passage
for all experiments.

Hydrogel Preparation and Labeling with Fluorine
Nanoemulsion

Hydrogels were prepared by the addition of 10 mg/ml of
poly (ethylene glycol) diacrylate (PEGDA) dissolved in PBS
to 10 mg/ml thiol-modified hyaluronic acid (HA) (HyStem;
EsiBio, USA). Labeling of hydrogels was performed
through simple mixing of a fluorine nanoemulsion (V-
sense, Celsense, USA) with thiol-modified HA at various
volumetric ratios of 1:50, 1:10, and 1:5 in a fixed final
volume, followed by the addition of a cross-linker at a fixed
ratio of 1:4 PEGDA to HA (Table 1). Four hydrogels,
including a non-labeled control, were subjected to further
investigations.

Rheology

Each freshly prepared hydrogel precursor solution was loaded
onto a pre-warmed plate of an ARES 2 rheometer (TA
Instruments Inc.). The shear storage (G") and loss (G") modulus
were measured with a time sweep with the following
parameters: temperature =37 °C; oscillation strain=1 %; and
angular frequency = 6.28 rad/s. Gelation times were designated
from the plot of G’ and G” as a function of time in a place where
G’ began to dominate over G”, as described previously [14].
The two series of hydrogels were prepared in 3-mm molds and

Table 1. Final concentration of Vs, HA, and PEGDA components of the
hydrogel

Concentration in final volume (mg/ml) Ratio
Hydrogel Vs HA PEGDA HA/PEGDA
0:1 Vs:HA 0.00 8.00 2.00 4:1
1:50 Vs:HA 5.67 7.87 1.97 4:1
1:10 Vs:HA 26.67 7.41 1.85 4:1
1:5 Vs:HA 49.66 6.90 1.72 4:1
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maintained in a humidified Petri dish at 37 °C to determine
their stiffness (G'). The stiffness of hydrogels was examined at
1 h after their gelation and 7 days later, respectively. G' and G”
were measured using the strain sweep with the
same parameters above except for oscillation strain=1-10 %.

Swelling Measurements

Seven days after gelation, hydrogels were gently purged
three times in distilled water, evaporated overnight under a
vacuum, and weighed (Wgy). Then, hydrogels were im-
mersed in distilled water, agitated at 300 rpm and 37 °C over
24 h. The distilled water supernatant was exchanged six
times. After 24 h of incubation, hydrogels were blotted and
immediately weighed (Wyc). The swelling ratio was
calculated as the Wi to Wy, ratio.

Stability/Durability Measurements

Each freshly prepared hydrogel was placed in two 10-mm
NMR tubes at a final volume of 300 pl, and, once the
process of cross-linking was completed, 3 ml of sterile PBS
was layered over the hydrogel and maintained at 37 °C
throughout the entire experiment. One set of NMR tubes
filled with hydrogels was maintained at a static condition,
and the second one was agitated at 1000 rpm to additionally
challenge the persistence of the fluorine nanoemulsion inside
the hydrogel. During the first week, PBS in the tubes was
exchanged daily, and thereafter, weekly until the end of the
experiment. Four reference tubes containing 0, 3.35 x 10'°,
6.47 x 1016, and 1.23x 10" 19F atoms were used as a
reference (Silicone PFC, Celsense, Inc.). The persistence of
fluorine labeling was assessed by 19F MRI (Bruker Ascend
750) acquired at 1, 3, 7 days, and 2 months after preparation
using a Bruker Ascend 750-Mhz scanner. 19F MRI included
a RARE sequence scan with a RARE factor=8, FA=
90 deg., TE/TR: 5.79/1000 ms, NA =32, RFA =180 deg.,
nuclei reference attenuation: 14 dB, excitation pulse:
length=0.9133 ms, bandwidth=3000 Hz, scan time:
2 min, 8 s. Hydrogel visualization was first achieved using
IH MRI, and then, was used as a reference for the overlay
with 19F images. Voxel Tracker 2.0 (Celsense, Inc.) was
used to quantify the fluorine content.

In Vitro Viability of GRPs Embedded within
Hydrogels

The viability of GRPs was assessed longitudinally by
bioluminescence imaging (BLI). Initially, 100 pl of various
mixtures of HA/fluorine nanoemulsion and control HA were
placed into a clear-bottomed 96-well white-wall plate
(Greiner, USA) followed by the addition of 10 ul of 1 x
107 cells/ml in complete medium to each well. Then, the
hydrogels were cross-linked by the addition of 25 ul of
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10 mg/ml PEGDA. Ten minutes later, 30 pl of cell culture
medium was gently transferred onto the top of the hydrogels,
which were then incubated at 37 °C and 5 % CO,
throughout the experiment. Viability measurements were
performed over 28 days using a Victor 3 plate reader
(PerkinElmer, USA) after the addition of 70 pul of p-luciferin
stock (150 pg/ml) in cell culture medium. Three separate
measurements of bioluminescence were acquired with an
exposure time of 3 s each. Immediately after imaging, the
luciferin solution was replaced with fresh media.

In Vivo Viability of GRPs Embedded Within
Hydrogels

The study was approved by our Institutional Animal Care
and Use Committee at the Johns Hopkins University. The
dorsal side of a rag2”~ mouse was shaved and a day later
GRPs were embedded in four different hydrogel formula-
tions being prepared the same way as above for the in vitro
studies. Two different cell concentrations were used: 1 x 10°
and 1x10" cells/ml. The mixtures were immediately
transferred into 100-pl Hamilton syringes, and before
gelation was completed, 20 pl of the cell suspension was
injected subcutaneously on the dorsal side of the animal.
BLI was performed at 1, 7, 14, and 21 days after
implantation using an IVIS Spectrum CT instrument (Perkin
Elmer), as previously described.

Results

Rheological Properties

Increasing the concentration of fluorine in the hydrogels
resulted in delaying the gelation time: 197, 202, 297, and
304 s for a Vs:HA ratio of 0:1, 1:50, 1:10, and 1:5,
respectively (Fig. 1a). Upon macroscopic examination, the
addition of higher concentrations of fluorine nanoemulsions
(1:50, 1:10, and 1:5 Vs:HA) resulted in a milky appearance
and a slightly more fragile structure compared to controls.
After extended incubation (at least 24 h after gelation), the
milky optical characteristics persisted, but again, appeared
fragile when compared to unlabeled gels. These macroscopic
observations were consistent with rheology measurements
(Fig. 1b). The G’ of unlabeled hydrogels (0:1 Vs:HA)
measured at 1 h after the addition of the cross-linker was
183 Pa (100 %). For labeled hydrogels, G’ was 152 Pa (83 %
of control) for 1:50, 137 Pa (75 %) for 1:10, and 95.3 Pa
(52 %) for 1:5 Vs:HA. After 7 days, G’ was five to six-fold
higher than initially, and the difference between controls and
fluorine-labeled gels was less expressed: 870 Pa (100 %) for
the control hydrogel (0:1 Vs:HA), and 717 (82 %), 732
(84 %), and 588 Pa (68 %) for 1:50, 1:10, and 1:5 Vs: HA
hydrogels, respectively.
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Swelling Ratio

The swelling ratio refers to the balance of osmotic and
elastic forces inside the polymeric hydrogel [24]. We found
that the swelling ratio was inversely proportional to the
fluorine nanoemulsion content (Fig. 2a) and remained
directly proportional to the storage modulus (Fig. 2b). This
is in opposition to the theoretical model [24] and other
experimental data [14]. We hypothesize that the hydropho-
bic nanoemulsion retained inside the hydrogel prevents
hyaluronan from binding to water and decreases the osmotic
forces of whole hydrogels. This would lead to a reduced
network density and decreased elasticity.

Stability of Fluorine-Labeled Hydrogels

The concentration of fluorine, as calculated by F-19 MRI
signal intensity for non-agitated (1:5, 1:10, and 1:50 Vs:HA
0 rpm) and agitated 1:50 Vs:HA hydrogels, remained high
for the first 2 months of incubation (Fig. 3a). Interestingly,
19F signal intensity for 1:5 and 1:10 Vs:HA hydrogels
increased during that period. This signal increase was
consistent with an observed contraction of the hydrogels
that likely resulted in higher concentrations of 19F contrast
agent. Agitation of the 1:5 and 1:10 Vs:HA hydrogels,
which was used to promote diffusion, resulted in a lower
intensity of fluorine compared to non-agitated hydrogels
after 1 week, but no further decrease was observed over the
subsequent 2 months.

In Vitro and In Vivo Survival of GRPs in Fluorine-
Labeled Hydrogels

A comparison of control (p=0.19) with fluorine-labeled
hydrogels with increasing ratios of Vs to HA (1:50, 1:10,
1:5) at day 1 revealed a progressively amplified BLI signal
with 1.2-fold (p=0.19), 1.4-fold (p<0.05), and 1.8-fold
increases on day 1 (p<0.05), respectively. At later time
points, there was a significant drop in signal, with no
difference between hydrogel formulations until day 21
(Fig. 4). Subsequently, GRPs started growing in all
hydrogels as spheres with a concurrent significant increase
of signal in all hydrogels at day 28. Notably, fluorine seem
to have had a positive effect on cell survival, as the BLI
signal was directly correlated with the concentration of
fluorine nanoemulsion, by factors of 1.4 (p=0.056), 1.55
(»<0.05), and 1.7 (p<0.05) times for 1:50, 1:10, and 1:5
Vs:HA, respectively, compared to unlabeled hydrogels at
day 28. Although the in vivo experiment included a limited
sample, which precluded a statistical analysis to be per-
formed, we demonstrated that the in vivo experiment seems
to corroborate in vitro data (Fig. 5).
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Fig. 1. Evolution of the storage modulus as a function of time. a Increasing concentrations of fluorine gradually elongated the
gelation time from 194 s for controls to 304 s for 1:5 Vs:HA hydrogels, while b their elastic properties slightly decreased, from
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Discussion

We demonstrated the long-term stability of fluorine-labeled
HA hydrogels for at least 2 months for both stationary and
agitated conditions. It was previously shown that agitation
did not accelerate the diffusion of blue dextran from the gel,
and that diffusion was induced only after digestion [13]. It
was not obvious that this could be achieved, as fluorine is
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volatile and disappears after the death of fluorine-labeled
cells [25]. The stability of labeling over a time period of at
least 2 months is appealing for long-term tracking of injected
HA-based hydrogels in vivo using 19F MRI. With this
result, and in the context of future applications, any
reduction of fluorine signal should be interpreted as
remodeling of the hyaluronan-based scaffold through the
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Fig. 4. a Viability of GRPs embedded into V-sense hydrogels over time, as assessed by BLI. The 19F emulsion increased cell
survival inside the hyaluronan-based hydrogels. The reappearance of the BLI signal was reported for all Vs:HA configurations
after 21 days of experiments. Representative light microscopic images of GRPs embedded in a 1:50 Vs:HA hydrogel at b day 7
and c day 28 reveal that GRPs revived and initiated formation of spheres. A two-sample t test was performed to calculate the
statistical significance of the difference between controls and fluorine-based hydrogels.
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7, and 21 days. Similar to the in vitro observations, the addition of Vs to the hyaluronan improved cell survival. b In vivo BLI of
rag2~~ mice immediately after hydrogel injection. Red circles below the ROls—backgrounds.

process of digestion, rather than spontancous fluorine release
from intact hydrogels [25, 26].

The rheological assessment revealed that the supplementation
of hydrogels with a fluorine nanoemulsion decreased the G’ at day
1 and day 7 proportional to the lowering of the concentration of
the cross-linkable partners, HA, and PEGDA (Table 1). Since the
elastic properties of hydrogels depend on the network density
inside the hydrogel [14], this process is highly reproducible,
allowing for tuning hydrogel properties to achieve the desired
storage modulus [27]. Both fluorine-labeled and non-labeled
hydrogels become stiffer after cross-linking, as expressed by the
increase in the storage modulus over a couple of days. This
phenomenon is characteristic of thiol-reactive cross-linkers, as HA
and PEGDA pair where bi-functional formation of the network
occurs [14]. The interaction between HA-PEGDA has a short
time scale (minutes) and dominates in the initial stage of hydrogel
formation. Simultaneously, a longer interaction time scale (hours)
between free thiols produces disulfide bonds primarily between
modified hyaluronan chains. The introduction of a fluorine
nanoemulsion to the HA-based hydrogels seems to have no
bearing over the mechanism of network formation, and longer
gelation seems to change elasticity due to volumetric replacement
of HA by Vs. Nevertheless, this problem of gelation time may be
an advantage when a hydrogel is to be injected using long
catheters.

The in vitro cell survival assay revealed no detrimental
effect, but rather, a pro-survival effect of fluorine
nanoemulsion on GRP cell viability. The high mortality of
the cells typically observed after transplantation may be due
to an osmotic and oncotic turbulence during cell transplan-
tation [28]. The tight network of a hyaluronan-based

hydrogel results in cell separation with anoikis [25]. The
introduction of a fluorine nanoemulsion in a hydrogel might
modulate cell death and re-growth within hyaluronan-based
hydrogels by lowering network density and cross-linking
partners’ concentration (HA and PEGDA), or by water
exclusion. The nanoemulsion may also result in lowering
osmotic turbulence driven by high potency to water binding
by HA, which is expressed by a lower swelling ratio. The
positive effect of fluorine on cell proliferation in vitro was
pronounced when the bioluminescence signal was relatively
high at the early time points and when it increased again at
day 28, likely due to GRP cell proliferation. While the
sample size in the in vivo experiment was insufficient, the
preliminary results seem to be in good accordance with the
in vitro experiments, and further experiments are needed to
unequivocally confirm this in an in vivo setting.

The study also has some limitations. The observation
time scale for cell survival experiments both in vitro and
in vivo is relatively short. It provides convincing data
indicating the utility of fluorine-labeled hydrogels; however,
from the perspective of GRP-based therapy, a longer
assessment of cell proliferation would be beneficial. The
improvement of GRP survival in fluorine-labeled hydrogels
might also be related to the changes in rheological properties
and not to the presence of the fluorine nanoemulsion itself,
but examining this would require additional studies.

Conclusions

Labeling of HA-based hydrogels with a fluorine
nanoemulsion resulted in the modest altering of its
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biomechanical properties, but the gelation remained robust.
The long-term stability of hydrogel labeling provides the
rationale for longitudinal studies, without a negative impact
on GRP viability. Overall, the labeling of HA-based
hydrogels with fluorine nanoemulsion may be a promising
strategy with which to monitor the distribution of GRP-
embedded scaffolds non-invasively using clinically applica-
ble MRI.
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