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Background: Biodegradable hydrogels can deliver therapeutic payloads with great potentials in EMR and
endoscopic submucosal dissection (ESD) to yield improvements in efficacy and foster mucosal regeneration.

Objective: To assess the efficacy of an injectable drug-eluting elastomeric polymer (iDEEP) as a submucosal
injection material.

Design: Comparative study of 3 different solutions by using material characterization tests and ex vivo and in
vivo porcine models.

Setting: Academic hospital.

Interventions: Thirty gastric submucosal cushions were achieved with saline solution (0.9%), sodium hyaluro-
nate (0.4%), and iDEEP (n � 10) in ex vivo porcine stomachs. Four porcine gastric submucosal cushions were
then created in vivo by using iDEEP.

Main Outcome Measurements: Maximum injection pressure, rebamipide release rate, submucosal elevation
duration, and assessment of in vivo efficacy by en bloc resection.

Results: No significant difference in injection pressures between iDEEP (28.9 � 0.3 psi) and sodium hyaluronate
(29.5 � 0.4 psi, P � .05) was observed. iDEEP gels displayed a controlled release of rebamipide up to 2 weeks
in vitro. The elevation height of iDEEP (5.7 � 0.5 mm) was higher than that of saline solution (2.8 � 0.2 mm,
P � .01) and sodium hyaluronate (4.2 � 0.2 mm, P � .05). All EMR procedures were successfully performed after
injection of iDEEP, and a large gel cushion was noted after the resection procedure.

Limitations: Benchtop, ex vivo, and nonsurvival pig study.

Conclusions: A novel injection solution was evaluated for endoscopic resection. These results suggest that
iDEEP may provide a significant step toward the realization of an ideal EMR and endoscopic submucosal
dissection injection material.
Abbreviations: ESD, endoscopic submucosal dissection; iDEEP, injectable
drug-eluting elastomeric polymer; PEGMC, polyethylene glycol maleate
citrate; SH, sodium hyaluronate.
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Tran et al Injectable drug-eluting elastomeric polymer
EMR and endoscopic submucosal dissection (ESD) are
minimally invasive procedures to remove early malignant
lesions limited to the superficial layers of the GI tract.1,2 To
improve efficacy and safety, EMR and ESD techniques
require the injection of a solution underneath the mucosa
into the submucosal space.3 Although numerous injection
olutions have been proposed and tested, saline solution
r diluted epinephrine with saline solution is the most
ommonly used in the clinic because of its low cost and
ase of use, but it is hampered by rapid dispersion within
he submucosal plane, resulting in the need for repeated
njections.4 To improve submucosal lift durations, sodium
yaluronate (SH) is currently being studied because of its
igh viscosity, ease of injection, and ability to provide
ong-lasting submucosal lift durations.5-8 However, high
costs and concerns for tumor stimulation limit its wide-
spread use.3,9

Recent research indicated a paradigm shift toward the
development of mucosal resection injection solutions that
rely on gel formation to provide extended submucosal lift
durations.10 Photocrosslinkable chitosan and thermore-
ponsive poloxamers have been recently reported for EMR
ith great enthusiasm, but are limited by administration
ifficulties.11,12 For example, the liquid-to-gel transforma-

tion by using photoinitiated free radical polymerization
requires the use of ultraviolet light, which may be difficult
in hard-to-reach areas, and thermoresponsive polymers
have been shown to clog inside long delivery tools at
normal body temperature.12,13

We recently reported on the development of biode-
gradable elastomeric hydrogel, polyethylene glycol
maleate citrate (PEGMC), which has been shown to
have excellent cyto-/tissue compatibility and controlled
degradability both in vitro and in vivo for tissue engineer-
ing and drug-delivery applications.14-16 Although PEGMC
not yet evaluated for clinical use, previous studies have
shown it to elicit a minimal inflammatory response when
injected subcutaneously in rats, with complete material
degradation within 4 weeks after implantation. The
leachable degradation products of PEGMC hydrogels
were evaluated in vitro with NIH 3T3 fibroblasts and
were found to be comparable to currently U.S. Food and
Drug Administration–approved materials, PEGDA hydro-
gels.14 The ability to be injected by using minimally inva-
ive methods and deliver therapeutics in a controlled
anner has prompted the investigation of PEGMC as a
ew EMR injection solution. Unlike previous materials,
he liquid-to-gel transformation of PEGMC can provide
ustained mucosal lift without administration difficul-
ies, and the controlled release of rebamipide,17 which
stimulates prostaglandin generation and improves the
speed of ulcer healing, from the biodegradable gel can
potentially aid in mucosal regeneration after resection.
The purpose of this study was to evaluate the efficacy
and safety of a PEGMC-based iDEEP, addressing the

limitations of previous solutions. d
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ATERIALS AND METHODS

All chemicals were purchased from Sigma Aldrich (St.
ouis, Mo). PEGMC with different citric acid:maleic anhy-
ride monomer ratios were synthesized as previously de-
cribed.14 To prepare the iDEEP part A component
iDEEP-A), PEGMC was dissolved in deionized water (20
t%), and combined with polyethylene glycol diacrylate

12 wt%), and tetramethylethylenediamine (0.5 wt%). The
DEEP part B component (iDEEP-B) was prepared by
issolving ammonium persulfate redox initiator (0.25 wt%)
n deionized water. Combining the part A and B solutions
n a 2:1 ratio, respectively, produced iDEEP gels.

To assess the ease of injection, maximum injection
ressures were evaluated by using a 25-gauge endoscopic
eedle (US Endoscopy, Mentor, Ohio), digital manometer
Cole-Parmer, Vernon Hills, Ill), and syringe pump (KD
cientific, Holliston, Mass) connected to a 3-way Luer-
ock stopcock delivered at 5 mL/min. To determine the
ebamipide release rate, rebamipide (1 mM) was mixed
ith various iDEEP-A solutions and combined with the

DEEP-B to form cross-linked gels. The drug-loaded gels
ere then incubated in phosphate-buffered saline solu-

ion (37°C; pH 7.4), and rebamipide release was deter-
ined by using high-performance liquid chromatography

Waters, Milford, Mass). The upper third of porcine stom-
chs were used for all ex vivo studies because of the
esemblance to the human stomach in thickness and his-
ology. The gastric specimens were obtained immediately
fter killing, cut into 5 � 5-cm squares, and fixed on a
orkboard. Using a 2.5-mL syringe and 25-gauge needle,
e injected 1 mL of each solution tangentially into the

ubmucosa through the mucosal surface. Mucosal eleva-
ion height was quantitatively determined from photo-
raphs by using Image J Analysis software. For the in vivo
odel, 4 EMR procedures were performed in the stomach
f a porcine specimen by using a 25-gauge catheter
njection needle. All solutions were mixed with methyl-
ne blue (0.5/10 mL of solution) for visualization. An en
loc resection of the elevated mucosa was performed
ith a hook-knife and polypectomy snare and recorded
ith endoscopic photographs.
The results are expressed as the mean � standard

Take-home Message

● A novel injectable drug-eluting elastomeric polymer
(iDEEP) was developed and evaluated as a submucosal
injection material with improved results over the
currently available injection solutions.

● iDEEP may provide a significant step toward the
realization of an ideal injection material for EMR and
endoscopic submucosal dissection.
eviation (n � 10). The statistical significance between 2

lume 75, No. 5 : 2012 GASTROINTESTINAL ENDOSCOPY 1093



.
(
s
r
l
i
w
i
(
v
d
h
t
P
w
s
t
b
e
t

D

p
m
n
t
b
d
h
l
l
t
t
t
t
t
d
m
s
a
p
m
c

t
a
s
f
c
s
s

Injectable drug-eluting elastomeric polymer Tran et al
sets of data was calculated by using a 2-tailed Student t
test, and nonparametric 1-way analysis of variance was
performed where appropriate. Data were taken to be sig-
nificant when a P value �.05 was obtained.

RESULTS

Liquid-to-gel transformation occurred within 4 min-
utes of combining the iDEEP part A and B components
(Fig. 1). No significant difference in the pressures de-
veloped during injection was observed between
iDEEP-A (28.9 � 0.3 psi) and SH (29.5 � 0.4 psi, P �
05). Injection pressures of iDEEP-B were much lower
6.6 � 0.1 psi) and were found comparable to those of
aline solutions (6.0 � 0.1 psi, P � .05). Rebamipide
elease studies from iDEEP showed an initial burst re-
ease at 4 hours for all iDEEP-A compositions. After the
nitial burst release, a controlled release for up to 2
eeks was observed and could be controlled with the

DEEP-A monomer ratios (Fig. 2). In the ex vivo study
Fig. 3), iDEEP displayed the highest submucosal ele-
ation heights at all time points. After 30 minutes, iDEEP
isplayed extended lift durations (5.7 � 0.5 mm) with
igher submucosal elevations than those of saline solu-
ion (2.8 � 0.2 mm, P � .01) and SH (4.2 � 0.2 mm,

� .05). In the preliminary in vivo study, the iDEEP-A
as easily injected in the porcine stomach to create

ubmucosal elevation (Fig. 4A). Using the same injec-
ion needle, we injected the iDEEP-B to produce a soft
iodegradable gel underneath the mucosa (Fig. 4B). No
lectrocautery setting changes were needed to perform

Figure 1. Photographic representation of the liquid-to-gel transformation
occurs after the A and B components are combined.
he procedure. w
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ISCUSSION

EMR and ESD are minimally invasive endoscopic
rocedures now accepted worldwide as a treatment
odality for the removal of dysplastic and early malig-
ant lesions limited to the superficial layers of the GI
ract.1,2 Unfortunately, the EMR/ESD procedure has
een historically limited by the short submucosal lift
urations of the available injection solutions, which
ave been constrained by 2 design avenues: the osmo-
arity or viscosity of a solution is responsible for the
ifting properties of the material.18 The recent introduc-
ion of injectable materials, which use a liquid-to-gel
ransformation, has shown promise in providing ex-
ended submucosal lift durations. However, many of
hese gel-forming materials are plagued by administra-
ion difficulties, which further complicate the proce-
ure. In review of the recent progress in the develop-
ent of EMR solutions, the ideal injection solution

hould be cost-effective, widely available, easily inject-
ble, biocompatible, biodegradable, able to provide
rolonged submucosal lift durations, and able to aid in
ucosal healing after the resection process to have

linical relevance.4,8

In this study, we developed a novel iDEEP that aims
o meet all of the requirements of an ideal EMR solution
nd overcome the limitations of previous solutions. As
hown in Figure 1, iDEEP uses both viscosity and gel
ormation through redox-initiated cross-linking to over-
ome the limitations of previous designs. The water-
oluble iDEEP-A, which is more viscous than saline
olution, will remain a viscous liquid until combined

he injectable drug-eluting elastomeric polymer. Gel transformation only
of t
ith the water-soluble iDEEP-B to produce a soft bio-

www.giejournal.org
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Tran et al Injectable drug-eluting elastomeric polymer
degradable hydrogel. Dividing the system into 2 sepa-
rate components offers a huge advantage over previous
designs in that the surgeon can precisely control the gel
setting location and time and avoid premature gelling
inside the delivery tools. In addition, the use of a redox-
initiated cross-linking mechanism does not require the
use of additional equipment such as ultraviolet light for
gel formation to occur. These criteria have all been
developed with the cost-effectiveness of the system in
mind. Although the iDEEP system is more expensive
than saline solution, it is roughly 33 times less compared
with hyaluronic acid solution formulations (Hyalgan,
$66/mL) and 2.5 times less compared with a 0.4% hyal-
uronic acid solution (MucoUp, $5/mL), which is com-
mercially available in Japan.12,19

A higher viscosity liquid typically translates into a
greater force required to inject the solution through small-

Figure 2. A, Maximum injection pressures of the tested solutions. B, In
itro rebamipide release profiles from injectable drug-eluting elastomeric
olymer (iDEEP) gels.
caliber delivery tools, which may produce unwanted ad- a

www.giejournal.org Vo
inistration difficulties. To ensure that the iDEEP compo-
ents were easily injectable, we assessed the maximum
ressures developed by using real-life conditions. Injec-
ion of the iDEEP-A component through a 25-gauge en-
oscopic needle had greater difficulty in achieving a con-
tant flow compared with saline solution, but was found
omparable to SH. iDEEP-B solutions were even easier to
nject, showing injection pressures similar to that of nor-
al saline solution. The localized and controlled delivery
f rebamipide,8 a mucosal protective and ulcer healing
rug shown to stimulate prostaglandin generation, may
mprove the speed of ulcer healing to aid in the manage-
ent of EMR-induced damage. The in vitro rebamipide

elease from iDEEP gels displayed an initial burst release
ollowed by a sustained release for as long as 2 weeks and
ould be controlled through polymer monomer ratios. The
eveloped polymers are also capable of incorporating
emostatic and/or antineoplastic drugs to assist mucosal
esection and treatment.

In ex vivo studies, all of the submucosal cushions
reated with iDEEP were more durable than those per-
ormed with saline solution and SH at all time points. No
ignificant changes in iDEEP cushion height were ob-
erved after 5 minutes because of gel formation. To
inimize any discrepancies and limitations of an ex
ivo study, all specimens were obtained within the first
our of the animal’s death, and all tests were performed
t constant temperature of 37°C to minimize any tissue
hanges. To evaluate the efficacy of iDEEP, standard
MR procedures were performed in vivo by using a live
orcine stomach model. The iDEEP-A was easily in-

ected by using standard delivery tools and was able to
reate an adequate submucosal cushion. Using the same
njection needle, the iDEEP-B solution was then injected
nto the same location without any clogging inside the
elivery tool. After 5 minutes of iDEEP-B injection, the
n bloc resection of the elevated mucosa revealed a soft
iodegradable gel underneath the mucosa to provide
rotection for the underlying muscle layer from electro-
autery damage. The presence of the iDEEP gel did not
omplicate the resection procedure or require any
hanges to the electrocautery settings. Although the
DEEP gel cannot be removed entirely after the EMR
rocedure, previous studies have shown complete bio-
egradation of the hydrogel, excellent tissue compati-
ility, and minimal inflammation.14 We also believe that
he remaining material left behind after the resection
rocedure can be used to deliver therapeutics and pro-
ote regeneration of the damaged mucosa. Although
ucosal regeneration was not evaluated in this study,

ong-term in vivo degradation and mucosal regenera-
ion in porcine stomachs by using survival animal mod-
ls with detailed pathological review will be the focus of
uture studies.

In conclusion, iDEEP is a cost-effective, readily avail-

ble, and easily injectable 2-component solution that

lume 75, No. 5 : 2012 GASTROINTESTINAL ENDOSCOPY 1095
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Injectable drug-eluting elastomeric polymer Tran et al
allows biodegradable gel formation under the submu-
cosal space without complex administration difficulties
and can potentially aid in mucosal regeneration through
controlled therapeutic delivery. iDEEP displayed longer-
asting cushion elevations than other frequently used
njection solutions and performed well in EMR proce-
ures in vivo. Although a standard EMR is a relatively
uick and easy procedure, our iDEEP solution is poten-
ially very useful in EMR for relatively large lesions that
eed repeated resections and submucosal injections
nd for ESD, which is a long-lasting, high-end endo-
copic resection technique for GI neoplasms involving a
igher risk of perforation.20 These results suggest that
DEEP may provide a significant step toward the real-

Figure 3. Photographic images depicting the chronological changes in th
(SH) (0.4%), and C, injectable drug-eluting elastomeric polymer (iDEEP)
using porcine gastric samples ex vivo. D, Graph showing the chronolog

Figure 4. A, Endoscopic views of contained vertical submucosal elevati
part A and B solution, and B, mucosal defect post-iDEEP EMR resection
zation of an ideal injection material for EMR and ESD.

1096 GASTROINTESTINAL ENDOSCOPY Volume 75, No. 5 : 2012
lthough the in vivo resection procedures in this study
ere only used to determine preliminary efficacy of the

DEEP system, further comparative long-term studies in
iving animals with pathological review are needed to
onfirm the efficacy, depth of resection ability, and
ubmucosal regeneration of the iDEEP.
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