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Controllable induction of blood vessel formation (angiogenesis) presents an important therapeutic goal in ischemic diseases and is also beneficial in various

normal physiological processes. In this study, we have shown that nanoparticles of celecoxib, a lipophilic nonsteroidal anti-inflammatory drug, effectively

evoke therapeutic angiogenesis in animal models, in both normal and ischemic organs. Celecoxib is widely considered to inhibit angiogenesis, although a

recent study suggests that it can instead promote blood vessel growth in cancer cell lines. The hydrophobic nature of this drug necessitates its

administration in nanoparticulate form in order to elicit a perceivable pharmacological response. We developed a facile method for nanoparticle formation

by solvent extraction from microemulsions in supercritical carbon dioxide. This method exploits a spontaneous formation of nanometric domains within the

microemulsion system and their rapid conversion to nanoparticles by supercritical fluid. The resultant nanoparticles were administered subcutaneously to

mice in a biocompatible hydrogel, and caused a 4-fold increase in blood vessel count in normally perfused skin compared with drug-free particles. They

were at least as effective in inducing angiogenesis as nanoparticles of deferoxamine, a well-established neovascularization promoter. Next, we evaluated

their effect on ischemic tissues in murine model of myocardial infarction. We found that celecoxib nanoparticles were able to induce a significant

vascularization of ischemic myocardium and hamper the progression of heart failure, which points toward a new approach for treating ischemia.
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ngiogenesis, the formation of new

blood vessels from an existing vascu-

lature, plays a major role in tissue
functional repair, regeneration, and growth.
It is particularly crucial for preventing ische-
mic necrosis and for survival of any tissue
damaged by hypoxia. Traditionally, thera-
peutic angiogenesis is induced by angio-
genic growth factors (such as VEGF, FGF,
EGF and PIGF), chemokines (such as MCP-1
and CXCL12/SDF-1a), or stimulation of
VEGF (vascular endothelial growth factors)
production using gene therapy. All these
treatments require large proteins or nucleic
acids to be delivered to the site of action.' 8
These macromolecules are not only expensive,
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but also susceptible to fast enzymatic and
chemical degradation in physiological envi-
ronment, and their hydrophilicity further
contributes to their extremely rapid clear-
ance from tissues.’~'? In addition, several
reports have raised toxicity concerns re-
garding their use.>'*~'> Therefore, there
has been a considerable interest in evoking
angiogenesis by alternative therapeutic
systems,'® especially by localized delivery
of nanoparticles of small-molecule drugs
that show some pro-angiogenic proper-
ties."””~'° Finding a suitable drug is challen-
ging, as many of candidate compounds
are hydrophilic or suffer from appreciable
toxicity. In our experimental search for an
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efficient pro-angiogenic treatment, we found that
nanoparticles of celecoxib, a small lipophilic painkiller,
the specific inhibitor of the cyclooxygenase-2 (COX-2)
enzyme, can successfully induce a substantial local
vascularization in vivo in both normal and ischemic tissues.
Celecoxib, (4-[5-(4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yllbenzenesulfonamide), displays a low
aqueous solubility (3—7 ug/mL),*® which results in
its insufficient bioavailability after oral administration
and hinders the development of parenteral dosage
forms.?® This necessitates its administration in nano-
particulate form.?" Hence, amphiphile-polymer nano-
particles of celecoxib were developed in this study.

Currently, there is a contradictory evidence in the
literature regarding the effect of celecoxib on vas-
cularization. While it is widely accepted that this drug
down-regulates angiogenesis through various path-
ways, 222 few recent reports suggest that in tumors
celecoxib might instead promote vascularization.?”*®
One study found that circulating VEGF levels were
increased in breast cancer patients treated with
celecoxib.?” Another study reported on the induction
of angiogenesis by celecoxib in several different
cancer cell lines and tumor xenografts, and a possible
mechanistic pathway for this effect was proposed.?®
Yet another study demonstrated elevation of several
pro-angiogenic proteins after systemic administra-
tion of celecoxib to familial adenomatous polyposis
patients.?’ To the best of our knowledge, celecoxib
has never been proposed for therapeutic angiogen-
esis or tested for this purpose in normally perfused or
ischemic organs.

In our study, nanoparticles of celecoxib were formed
by supercritical carbon dioxide (CO,) extraction from a
volatile oil-in-water microemulsion in Solution-Enhanced
Dispersion by Supercritical fluids (SEDS) setup.3%>' This
method exploits a spontaneous formation of nano-
metric domains within the microemulsion system,
which serve as templates for nanoparticle synthesis.*?
Extracting solvents with supercritical CO, causes par-
ticle nucleation and growth within the nanometric
domains of the microemulsion, whereas the particles
are formed at one step and with minimal heating.
To localize the nanoparticles at the desired site of
action, they were embedded in an injectable hydrogel.

This hydrogel was injected subcutaneously to
healthy mice so as to evaluate the angiogenic potential
in normally perfused skin and to compare the efficacy
of this treatment to nanoparticles of deferoxamine, a
well-established vascularization promoter.’”” =" A
method based on Desorption Electrospray lonization
Mass Spectrometry Imaging (DESI-MSI) was developed
for tracking the release of the drug in vivo. Next, the
efficacy of this treatment in ischemia was evaluated in
murine heart attack models. The mice with permanent
occlusion of coronary artery were treated with cele-
coxib nanoparticles in the hydrogel injected around
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the infarct area. Blood vessel formation in the heart,
heart muscle enlargement, and functional damage
were monitored for one month.

RESULTS AND DISCUSSION

Formation of Nanopartides. Celecoxib nanoparticles
were prepared by supercritical CO, extraction from a
volatile oil-in-water microemulsion, which is schemati-
cally presented in Figure 1A. As the dispersed phase,
the microemulsion contained n-butyl acetate (nBuAc)
in which celecoxib (CXB) and poly lactide-co-glycolide
(75:25) (PLGA) were dissolved. Optical transparence
and low viscosity of this system demonstrated nano-
metric dimensions of the dispersed domains. The
mean droplet size, as measured by dynamic light
scattering (DLS), was 12 = 1 nm. The conductivity was
1.9 mS/cm, which was about 3 orders of magnitude
greater than the conductivity of the organic phase,
which is expected for an oil-in-water inner structure.
The microemulsion was stabilized by soybean phosphati-
dylcholine (SbPC), glycyrrhizinic acid salts (ammonium
glycyrrhizinate (AG) and dipotassium glycyrrhizinate
(DG)), and tert-butanol (tBuOH). The specific composi-
tion was selected experimentally based on size, drug
content, and dispersibility of the particles generated
from the system. The composition of the selected
microemulsion is given in Table 1. Solvent extraction
from this microemulsion by supercritical CO, yielded a
solid powder composed of spherical nanoparticles
(Figure 1C). The powder theoretical composition is
given in Table 1; all its inactive components are listed
by the FDA as Generally Regarded As Safe (GRAS).
Celecoxib was present in this powder in the amor-
phous form (Supporting Information (Sl), Figure S1B)
and its content was found to be 17.5 + 1.4 wt %. The
powder was freely dispersible in water to yield a stable
suspension of particles with an average size of 110 +
3 nm (by DLS) (Figure 1B), and a negative surface
charge, with the mean -potential of —31 £ 1T mV
(pH = 6). The size of the particles in the powder was also
confirmed by Scanning Electron Microscopy (SEM)
(Figure 1C). The increase in the size of the particles
compared with the initial microemulsion droplet size
can be attributed to the aggregation of the droplets
during solvent removal.®®* Measured ¢-potential was
high enough in its absolute value to provide electro-
static stabilization to the resultant particles, stemm-
ing from the absorption of negatively charged surfac-
tants>* 3¢ and from the possible presence of the
anionic polymer on the surface. There was no signifi-
cant change in the mean size or the mean {-potential
of the particles in water after 5 h.

At the next stage, the nanoparticles were dispersed
(5.5% w/v) in an injectable hydrogel for immobilization
at the site of injection.?” The hydrogel was composed
of biocompatible and biodegradable polymers, poly-
(vinyl alcohol) (MW 89 000—98 000 Da, PVA, 10 wt %)
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Figure 1. Celecoxib nanoparticles formation and characterization. (A) Schematic representation of nanoparticle formation
process; (B) particle size measurements in water by DLS; (C) SEM image of nanoparticles in powder; (D) SEM image of

nanoparticles embedded in hydrogel (dried).

TABLE 1. Compositions of Celecoxib Containing Micro-
emulsion (CXB ME), Nanoparticulate Powder Obtained
after SEDS Process (CBX NP), and Nanoparticle-Loaded
Hydrogel (CXB NP HGL)

% wt (XB PLGA SbPC AG DG H,0 nBuAc tBuOH PVA PVP

(XB ME 37 02 53 88 21 404 183 212
CXB NP 184 1 264 4338 104
CXBNPHGL 1.0 01 14 24 06 822 95 28

and polyvinylpyrrolidone (average MW 40 000 Da, PVP,
3 wt %),*® physically cross-linked together at low
temperature by a freeze—thawing cycle. The hydrogel
was easily injectable exhibiting shear-thinning behav-
ior, and it did not contain any toxic monomers or cross-
linkers. The nanoparticles were readily dispersible in
the gel and their homogeneous distribution was con-
firmed by SEM (Figure 1D).

In Vivo Vascularization. A volume of 100 uL of the
resultant particle-loaded hydrogel containing 0.96 +
0.08 mg of celecoxib was injected subcutaneously into
dorsal sites of mice to monitor the angiogenesis in the
normally perfused skin tissue. The hydrogel restricted
spatial distribution of the particles. As it can be seen
in Figure 2A(I—11),B(1I),C(1l) after only 5 days following the
injection, a profound vascularization occurred around
the hydrogel location. Noticeable capillary enlargement
as well as de novo capillary sprouting could be seen in
the region around the drug-loaded hydrogel. The neo-
vascularization effect could also be detected by staining
for CD31 antibody and comparing treated vs untreated
skin (treated with drug-free vehicle control).

CD31 staining demonstrated a dense network of
microscopic blood vessels formed in the drug-treated
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tissue within 5 days post injection (Figure 2B(Il),C(II))
with a 4-fold increase in blood vessel count compared
to the drug-free vehicle control group (two-tailed
unpaired Student's t test, p = 0.001) (Figure 2B(1),C(1)).
The treated mice were closely monitored up to one-
month postinjection, and no signs of distress were
observed. Vascularization around the hydrogel area
and the intact hydrogel observed 3 weeks following
the injection are shown in Figures 2A(llI-V). After
4 weeks, in 50% of the tested mice, the gels had visually
disappeared, evidencing a biodegradable nature of
this scaffold. However, the extensive capillary network
at the site of treatment stayed intact, demonstrating its
therapeutic feasibility (Figure S2B(ll)). It is noteworthy
that the increased vascularization was restricted to the
treated region and could be attributed to the high local
concentration of the drug. Nevertheless, the systemic
effects associated with this treatment are expected to
be less pronounced compared with the effects of
therapeutically relevant oral dosages in humans. Thus,
celecoxib dosage of 400 mg/day is recommended for
persistent pain. This dosage corresponds to a murine
dosage of about 0.14 mg/day (by body weight) or to
1.76 mg/day (by body surface area). The hydrogel in
our study releases its drug content gradually (see Drug
Release Studies section below), at an average rate
of 0.036 mg/day. Although a systemic absorption of
celecoxib from the orally administrated capsule is
only about 30%,%° the drug released from the hydrogel
will reach lower systemic concentration, even if 100%
bioavailability is assumed.

Efficacy versus Nanoparticles of Established Vascularization
Promoter. The angiogenic potential of celecoxib in nano-
particles was compared with that of deferoxamine,

ACRT AN
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Figure 2. Vascularization in normally perfused murine skin tissue. (A) Images of the area underneath and around celecoxib
nanoparticles containing hydrogel: (I, Il) 5 days postinjection; (lll-V) 3 weeks postinjection. (B and C) CD31 staining of
microscopic blood vessels around the hydrogel region 5 days postinjection. Green color indicates blood vessels, blue is cell
nuclei. Some blood vessels are marked by arrows. () Drug-free vehicle control hydrogel; (Il) celecoxib nanoparticles
containing hydrogel; (Ill) deferoxamine nanoparticles containing hydrogel.

a drug that is extensively studied as a treatment for
induction of therapeutic angiogenesis. Deferoxamine
was proven to effectively promote blood vessel for-
mation.'” ~'° However, the potential utilization of this
drug is hindered by its high water solubility, appreci-
able toxicity at large doses, and very rapid in vivo
clearance3®*° We encapsulated this drug in nanopar-
ticles prepared by supercritical CO, extraction from a
reverse, water-in-oil microemulsion. The microemul-
sion preparation is described in the SI. The particles
generated from this microemulsion were freely dis-
persible in water and had a mean size of 72 + 6 nm (by
DLS), a mean ¢-potential of —41 &+ 1 mV (pH = 6), and
an average drug loading of 3.4 £ 0.1 wt %. These
particles provided extended release of the drug for
over 21 days with the initial burst effect typical to
hydrophilic drugs*' (Figure S2A). The chemical com-
positions of the microemulsion and the particles are
given in Table S1. These particles were incorporated
(30% w/v) into the hydrogel described above, and
injected subcutaneously to dorsal sites of mice. A sig-
nificantly greater particle concentration was required
to achieve the therapeutic effect with deferoxamine
nanoparticles as compared to celecoxib, due to a
limited attainable drug loading stemming from the

MARGULIS ET AL.

high aqueous solubility of deferoxamine. A noticible
neovascularization effect was observed after 5 days;
however, it was morphologically inferior to celecoxib-
induced vascularization (Figure S2B(l)). While well-
developed and visually prominent blood vessels
prevailed in the celecoxib case, in the case of deferoxa-
mine, smaller and less distinct blood vessels were
observed. CD31 immunohistochemical staining, which
reveals microscopic blood vessels, demonstrated a
slight superiority of celecoxib over deferoxamine (in
average 20% greater blood vessel count), for micro-
scopic vessels. Compared with the drug-free vehicle
control group, deferoxamine demostrated a 3.2-fold
increase (two-tailed unpaired Student's t test, p = 0.01)
in microscopic blood vessel count (Figure 2B(lll),C(1lI)).
It is noteworthy that deferoxamine, similarly to the
majority of small-molecule drug with proangiogenic
properties, promotes angiogenesis by preventing a
degradation of hypoxia inducible factor-1 a-subunit
(HIF-1a), virtually simulating hypoxic conditions. Out-
comes of several recent studies suggest that celecoxib
activates physiological pathway independent of HIF-1a
stabilization.?#?° Thus, Dovizio et al.*® proposed that
large oral doses of celecoxib in humans (800 mg/day)
inhibit vascular COX-2 dependent prostacyclin (PGl,),
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Figure 3. Release of celecoxib from the hydrogel in vivo. (A) Spatial distributions of celecoxib as detected by DESI-MSI: the left
column displays the distribution of the drug in sections of the gels extracted from mice after 5, 14, and 21 days following
the injection; the middle column shows the image of the isotopic drug distribution after spiking on the hydrogel sections.
The concentration of the spiked solution is constant in all samples and the increase in signal intensity with decreasing
celecoxib concentration originates from signal suppression. The right column demonstrates superimposition of the images.
(B) DESI mass spectrum of the spotted region. (C) The fraction of the mean celecoxib concentration remaining in the hydrogel
in vivo plotted against the time following the injection (the error bars represent standard deviation).

which leads to the release of angiogenic mediators from
plateles and their increased expression in endothelial
cells. Xu et al.*® explored celecoxib-mediated angiogen-
esis in multiple glioma cell lines and found that it is
independent of hypoxic pathway and requires both
mitogen-activated protein kinase p38-MAPK and Sp1
transcription factor. Consequently, celecoxib and hy-
poxia demonstrated an additive effect on elevation of
VEGF in glioma cancer cells in vitro.?®

It is thus expected that nanoparticles of celecoxib
would present a promising therapeutic candidate for
induction of angiogenesis in ischemic tissues, where
HIF-1o is already elevated.

Drug Release Studies. Drug release studies from the
hydrogels containing celecoxib nanoparticles in vivo
were performed by DESI-MSI*2~* in positive ion mode,
and are presented in Figure 3. The concentration and
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the spatial distribution of the drug remaining in the
hydrogels harvested from mice at various time inter-
vals following the subcutaneous injection were de-
tected by mapping the chemical composition of the
hydrogel in a two-dimensional manner.**~** To desorb
and ionize celecoxib molecules, a beam of charged
solvent droplets was directed to the sample, extracting
the drug into secondary droplets, which were subse-
quently analyzed by the mass spectrometer. A two-
dimensional distribution image with relative signal
intensity was generated for m/z 404.06, representative
of sodium adduct of celecoxib. For signal intensity
standardization, each gel was spiked trice with deut-
erated isotope of celecoxib (D7-CXB, m/z 411.10) at a
known concentration (3 x 10~> M), and the normalized
signal intensity (CXB/D7-CXB) was found to be directly
proportional to celecoxib concentration (Figure S1A).
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Figure 4. Treatment efficacy in mice with permanent LAD ligation 2 and 4 weeks postinjection. (A) CD31 staining of blood
vessels at the infarction area. Red color indicates blood vessels, blue is cell nuclei. (B) Myocardium morphology, H&E stained.

(C) M-mode echocardiography.

On the basis of concomitant detection of the drug and
its deuterated isotope from the surface of longitudinal
section of the gel, the release of the drug could
be rapidly monitored. Such normalization allowed
to control variability in relative ion intensity be-
tween different measurements and to overcome
mutual signal suppression between the two mol-
ecules due to competing processes in the ionization
mechanism.*®

It was also confirmed that the drug encapsulated in
nanoparticles could be readily identified by this tech-
nique. As it can be seen in Figure 3, the drug was
gradually released from the gel in vivo, reaching about
30% from its initial concentration in 3 weeks. As it
was already mentioned above, the gel lost its integrity
with time, which could partially account for the drug
release.

Drug Crystallinity. As can be seen in Figure S1B,
celecoxib is amorphous in the nanoparticles and it
preserves its amorphous character in the hydrogel
in vivo, for the duration of the experiment, i.e., at least
for 3 weeks. X-ray diffractograms were obtained for the
gels that were harvested from mice after 5 and 21 days
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and subsequently lyophilized. The diffractograms
were compared to the diffractogram of crystalline
celecoxib and to the diffractogram of the physical
mixture of all powder components incorporated
3.5% (w/v) to the hydrogel prior to drying, roughly
indicative of the concentration of celecoxib in the
hydrogel 5 days following the injection. Peaks of
crystalline celecoxib could be clearly observed in both
reference diffractograms, but not in the diffracto-
grams of the hydrogels harvested from mice. It was
also verified that crystalline celecoxib can be detected
in the hydrogel at concentrations as low as 0.14 wt %,
about 14% of the initial concentration of the drug in
the gel. Crystallization inhibition effect in the hydro-
gels can be attributed to both AG,*” which is a part of
the amphiphile layer of the particles, and to PVP*® and
PVA,*® which are the integral components of the
hydrogel.

Efficacy in Myocardial Infarction Models. To evaluate
therapeutic potential of celecoxib nanoparticles in
ischemic tissue, a treatment efficacy study was per-
formed in mice with the permanent ligation of the left
anterior descending artery (LAD). This procedure leads
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Figure 5. Cardiac function parameters assessed by echocardiography: (A) ejection fraction; (B) fractional shortening; (C) end
systolic volume; (D) end diastolic volume. All graphs show mean value + standard error. Blue columns represent control
group and red ones represent treated group at two week time point (two-tailed unpaired Student's t test, p < 0.05); green
columns stand for control group and purple ones for treated group at one month (p > 0.05).

to a continuous heart attack, while the onset of heart
muscle ischemia is almost immediate. Twenty mice
were employed for this study; all developed well-
defined infarction regions following the procedure.
Ten mice were treated with celecoxib nanoparticles
in the hydrogel (100 uL of the hydrogel containing
0.96 4 0.08 mg of the drug) injected around the area of
infarcted myocardium and the rest were administered
drug-free vehicle control in the hydrogel. The animals
were observed for one month. The vital signs, heart
function, myocardium structural changes, heart volume,
and infarct perfusion were monitored at two and four-
week time points following the ligation.

Overall 6 out of 10 mice (60%) survived in the
control group, while 100% survival rate was seen in
the treated group. A prominent neovascularization of
the infarcted region was observed in the treated group
(Figure 4A) at both monitoring time points. Myocardial
muscle morphology showed a markedly less pro-
nounced left ventricular (LV) wall thinning and lumen
dilatation in the treated group at both time points
(Figure 4B). These parameters are closely associated
with heart failure, possible scarring and poor heart
muscle contractility.>**"

Echocardiography showed less distinct changes in
LV function and a smaller expansion of chamber
dimensions in the treated group at 2 weeks following
the ligation (Figures 4C and 5). This was attested by
lower end diastolic and end systolic volumes (EDV and
ESV, respectively), and larger ejection fraction (EF) and
fractional shortening (FS) (p < 0.05) (Figure 5). How-
ever, at 4 weeks, the differences in these parameters
between two groups were less prominent, and
the statistical significance could not be established
(p = 0.05) (Figure 5).
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No thrombotic events associated with the inhibi-
tion of vascular production of PGI, and none of throm-
boxane A, by celecoxib®? were recorded in this study.
It is noteworthy that the investigated treatment is
short-term and is not expected to result in high
systemic levels of the drug for prolonged periods of
time, which predisposes to thrombotic effects. How-
ever, a larger study is required to establish its cardio-
vascular safety.

It is evident that the treatment can attenuate
cardiac remodeling and hamper the transition to heart
failure. Yet, it is well accepted that a delivery of a single
proangiogenic factor is usually insufficient to promote
long-term cardiac repair following myocardial infarc-
tion.>® Optimization of proangiogenic therapy might
combine stimulation of angiogenesis with vessel
maturation and the use of stem/progenitor/endothelial
cell therapies®* so as to attain a permanent heart
regeneration.

CONCLUSIONS

Nanoparticles of the specific COX-2 inhibitor, cele-
coxib, formed by solvent extraction from a volatile oil-
in-water microemulsion in supercritical CO,, are cap-
able of inducing angiogenesis in normally perfused
and ischemic organs. In fact, a 4-fold increase in blood
vessel count was achieved in skin tissue treated with
celecoxib nanoparticles, indicating a significant angio-
genic response. This response is comparable to the
vascularization reported following a successful VEGF165
gene therapy (3-fold increase in total blood vessel count
and 4.4-fould increase in number of small capillaries in
ischemic dog hearts).>> Furthermore, the efficacy of
celecoxib nanoparticles in angiogenesis induction was
at least as prominent as the efficacy of nanoparticles
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of deferoxamine, a well-establish neovascularization
promoter, extensively studied as therapeutic angiogen-
esis inducer. Nanoparticles of celecoxib are expected
to exhibit several advantages over other delivery
systems of small-molecule drugs used for therapeutic
angiogenesis, including deferoxamine. Celecoxib is
likely to have a longer residence time in tissues owing
to its lipophilicity, its systemic toxicity is low, and a
variety of possible administration routes are available
for this drug including transdermal.®® Additionally,
celecoxib was proven to elevate VEGF by a pathway
alternative to hypoxia and therefore it may be ad-
vantageous for vascularization of ischemic tissues
when used alone or in combination with HIF-1a
stabilizers.

Prominent vascularization of infarcted myocardium
was demonstrated in mice with heart attack treated
with celecoxib nanoparticles. Myocardial muscle mor-
phology showed a markedly less pronounced LV wall
thinning and lumen dilatation in the treated group
2 and 4 weeks after the onset of the heart attack.
Preservation of LV function and a smaller expansion of
heart dimensions were clearly seen in the treated

METHODS

Formation of Celecoxib-Loaded Microemulsion. The exact concen-
trations of the components used for the microemulsion forma-
tion are summarized in Table 1. The components were mixed
together and the mixture was allowed to equilibrate at 45 °C
until a transparent isotropic system was formed. Droplet size
distributions in the microemulsion, as well as its conductivity,
were measured by Nano-ZS90 Zetasizer (Malvern, U.K)). Each
sample was prepared in triplicate and triplicate repetitions of
each measurement were taken.

Converting Celecoxib-Loaded Microemulsion to Nanoparticles. The
solvents were extracted from the microemulsion by the SEDS
setup based on a modified commercial instrument (SAS-50,
Thar Technologies, PA, see Sl for details).

The dispersibility and the size of the particles were char-
acterized by dispersing the dry powder 0.1—10 wt % in deion-
ized water and vortexing for 30 s to ensure homogeneous
dispersion. The size distribution and {-potential measurements
of the particles were performed in 0.1 wt % dispersion at room
temperature using a Nano-ZS90 Zetasizer (Malvern, UK).
Celecoxib content in the powder was determined by Electro-
spray lonization Mass Spectrometry using D7-CXB as an internal
standard (Sl). Each sample was prepared in triplicate and
triplicate repetitions of each measurement were taken.

Hydrogel Formation. The hydrogel was formed by first dis-
solving PVA (10 wt %) and PVP (3 wt %) in hot water (~90 °C) to
obtain a moderately viscous solution. Celecoxib nanoparticu-
late powder was homogeneously dispersed 5.5% (w/v) in the
solution upon cooling by vortexing for 3 min. No visible
particulates were observed in the resultant suspension.
A volume of 100 uL of the suspension was loaded into 1 mL
polycarbonate syringe (BD Luer-Lok disposable syringe) and
stored at —20 °C for 12 h to allow physical cross-linking of the
polymers. After a thawing period of 2 h at room temperature,
elastic, shear-thinning hydrogels were obtained, and could be
easily injected when subjected to the pressure in the syringe.

In Vivo Skin Vascularization and Histology. The hydrogels were
sterilized under UV irradiation for 2 h and injected subcuta-
neously into dorsal sites of adult male C57BL/6 mice (10 weeks
old). The animals were treated according to the animal care and
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group 2 weeks after the onset of the heart attack, but
after 4 weeks, the difference between the treatment
and the control groups was less prominent. Thus,
celecoxib nanoparticles may impede the progression
of coronary hypertrophy and functional cardiac damage
caused by permanent LAD ligation, and hamper the
transition to heart failure. We envision that such a
system will be used in combination with cell therapy
to achieve a long-term cardiac repair, and may be
translated into clinic by exploiting several potential
delivery routes. These routes include catheter-based
endocardial injection of the hydrogel to ischemic areas
and systemic delivery of the particles modified with
hypoxia-targeting peptides on their surface. Such
modification may allow the particles to accumulate
preferentially at the site of cardiac damage.>’

Novel pro-angiogenic treatment modalities are
urgently required in a wide variety of pathological con-
ditions."® While our initial feasibility study was con-
ducted in myocardial infarction model, its outcome
may have impact on treating other ischemic disorders,
such as peripheral ischemia in diabetes, ischemic
stroke, traumatic injuries and more.

use program at Stanford University, which meets the require-
ments of the Federal Law (89-544 and 91-579) and NIH regula-
tions, and is also accredited by the American Association for
Accreditation of Laboratory Animals (AAALAC). The animals
were randomly divided into three groups (20 subjects each):
(1) injected with hydrogel loaded with celecoxib nanoparticles;
(2) injected with drug-free vehicle (hydrogel containing drug-
free nanoparticles); (3) injected with hydrogel loaded with
deferoxamine nanoparticles. (See Sl for the detailed description
of deferoxamine nanoparticle formation). Local vascularization
was monitored after 5, 14, 21, and 30 days following the
injection. The mice were euthanized, subcutaneous dorsum
was dissected, and the remaining gels with the adjacent skin
were harvested. Vascularization of the area around and under
the hydrogel was evaluated morphologically against the un-
treated skin and against the skin treated with the drug-free
vehicle by two blind observers. The detection of the micro-
scopic blood vessels was performed by CD31 immunohisto-
chemical staining (SI). Green color indicates blood vessels
(CD31), while blue one indicates cell nuclei (stained with DAPI
(4’ 6-diamidino-2-phenylindole)). Three samples were observed
for each mouse and the average of 11 high-power fields were
acquired per sample. The images were digitally montaged using
Adobe Photoshop CS6, counted by pixel intensity, and normal-
ized by the acquired area. Statistical analysis was performed
using a two-tailed unpaired Student's t test. Values of p < 0.05
were considered statistically significant.

Drug Release by DESI-MSI. To assess the concentration of
celecoxib remaining in the hydrogels in vivo as the function of
time, at a first step a calibration curve was acquired using the
premade hydrogel spheres with known varying concentrations
of celecoxib particles (SI).

The hydrogels harvested from mice at various time intervals
postinjection (after 5, 14, and 21 days) were dissected to 25 um-
thick sections and carefully spotted three times with 0.17 uL
solution of the internal standard: 3 x 107> M of D7-CXB
dissolved in 50% methanol, so as to obtain round spots of
~1.5 mm in diameter. The spotted sections were imaged by
DESI-MSI in positive ion mode by tracking ion spatial distribu-
tion for sodium adducts of the drugs (at m/z 404.06 for celecoxib
and at m/z 411.10 for its deuterated counterpart). A lab-built
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DESI-MS imaging ion source coupled to an LTQ-Orbitrap
XL Mass Spectrometer (Thermo Fisher Scientific, MA) was used
forimaging, and the mass spectra were acquired using Orbitrap
as the mass analyzer at 60 000 resolving power in the range m/z
300—500. The normalized signal intensity was calculated for
each spot (defined as a region of interest, ROI) and the mean
normalized signal intensities were then derived for each gel.
On the basis of the calibration curve, they were indicative of the
mean celecoxib concentration in the gel.

Efficacy in Myocardial Infarction Models. The LAD ligations were
performed according to the published protocol®® in 20 12 weeks
old male C57BL/6 mice. Each ligation was performed with
one single stitch, forming almost immediate ischemia. Ten
mice received drug-loaded nanoparticles in the hydrogel
around the ischemic region following the ligation, while the
other 10 received the control (drug-free nanoparticles in the
hydrogel). The mice were closely monitored for one month.
After 2 weeks they underwent echocardiography, which was
performed using the General Electric Vivid 7 Dimension imag-
ing system equipped with a 13-MHz linear probe (General
Electric, Milwaukee, WI). Animals received continuous inhaled
anesthetic (1.5—2% isofurane), for the duration of the imaging
session, and were imaged in the supine position. Echocardio-
graphy was performed by an independent operator. M-mode
short-axis views of the left ventricle were recorded. Analysis of
the M-mode images was performed using GE built-in analysis
software.> Statistical analysis was performed using a two-tailed
unpaired Student's t test. Values of p < 0.05 were considered
statistically significant.

Then, 3 subjects in each treatment group were euthanized
for testing heart morphology, histology and vascularization.
After performing paraffin sections, slides were stained with H&E
(hematoxylin and eosin) or trichrome to visualize fibrotic tissue.
CD31 immunohistochemical staining was employed to visualize
microscopic blood in the infarct region (see above and SI).
Red color indicates blood vessels (CD31), while blue represents
cell nuclei. All the experiments were repeated after one month.
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Additional experimental details are provided for materials,
formation of celecoxib-loaded microemulsion, conversion
of celecoxib-loaded microemulsion to nanoparticles, CD31
immunohistochemical staining, SEM measurements, cele-
coxib release by DESI-MSI, crystallinity measurements, for-
mation of deferoxamine-loaded microemulsion and its
conversion to nanoparticles; additional figures describe
alinear relation between the normalized MS signal intensity
and the concentration of celecoxib in the hydrogel, X-ray
diffractograms of celecoxib nanoparticles and loaded hy-
drogels, SEM image of deferoxamine nanoparticles ob-
tained from the microemulsion and their in vitro release,
blood vessel formation induced by deferoxamine nano-
particles containing hydrogel (5 days postinjection), vascu-
larization remaining after celecoxib-containing hydrogel
disintegration (30 days postinjection); additional table
describe compositions of deferoxamine containing micro-
emulsion, deferoxamine nanoparticles, and deferoxamine
nanoparticle-loaded hydrogel.
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