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Postoperative adhesion is a relevant clinical problem that causes a variety of clinical complications after
abdominal surgery. The objective of this study is to develop a liquid-type antiadhesion agent and evalu-
ate its efficacy in preventing tissue adhesion in a rat peritoneal adhesion model. The liquid-type agent
was prepared by submicron-sized emulsification of C17 glycerin ester (C17GE), squalene, pluronic
F127, ethanol, and water with a high-pressure homogenizer. The primary component was C17GE, which
is an amphiphilic lipid of one isoprenoid-type hydrophobic chain and can form two phases of self-
assembly nonlamellar liquid crystals. The C17GE agent consisted of nanoparticles with an internal
inverted hexagonal phase when evaluated by small-angle X-ray scattering (SAXS) and cryo-
transmission electron microscopy (cryo-TEM). Upon contact with the biological tissue, this agent formed
a thin membrane with a bioadhesive property. After this agent was applied to a sidewall injury of rats, it
showed a percentage average of adhesion significantly less than that obtained with the Seprafilm® anti-
adhesion membrane in a rat model. Additionally, the retention of the agent prolonged at the applied site
in the peritoneal cavity of rats. In conclusion, the C17GE agent is promising as an antiadhesion material.
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Statement of Significance

Postoperative adhesion remains a common adverse effect. Although various materials have been investi-
gated, there are few products commercially available to prevent adhesion. For the sheet-type agent, it is
inconvenient to be applied through small laparotomy, especially in laparoscopic surgery. Additionally,
the liquid-type agent currently used requires a complicated procedure to spray at the targeted site.
Our liquid-type antiadhesion agent can form liquid crystals and act as a thin membrane-like physical
barrier between the peritoneum and tissues to prevent adhesion. Indeed, the antiadhesion agent used in
our present study significantly prevents adhesion compared with the antiadhesion membrane most used
clinically. Moreover, our agent is highly stable by itself and easy to use in laparoscopic surgery, thus lead-
ing to a promising new candidate as an antiadhesion material.
© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Postoperative adhesion remains a major adverse effect in most
abdominal surgeries and occurs in more than 90% of patients after
laparotomy [1,2]. Postoperative adhesion can cause serious com-
plications such as small intestinal obstruction, difficulty in unex-
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pected subsequent operation, female infertility, and chronic
abdominal pain, which often lead to low quality of life (QOL) for
patients [3,4]. Various biomaterials have been investigated to pre-
vent or minimize the formation of peritoneal adhesion. On the one
hand, there are sheet-type physical barriers of natural materials
such as hyaluronic acid and its derivatives [5,6] and gelatin [7-9]
and synthetic polymers such as poly-L-lactic acid [10,11] and poly-
lactic acid [12,13]; on the other hand, there are the liquid-type
physical barriers of natural polymer hydrogels such as hyaluronic
acid and its derivatives [14-16], chitosan and its derivatives [17-
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19], trehalose [20], and pullulan [21] and synthetic polymer hydro-
gels [22-24]. Among these materials, there are various types of
materials with regard to properties, such as thermosensitive
hydrogel, which rapidly forms a viscid gel at the body temperature
[18,19,22,23]; hydrogel initiated by contact with body fluids con-
taining glucose [14]; and nonreactive gel, which only rests in place
because of its immanent viscosity [15-17,21,24]. However, most of
the materials have not yet been clinically available to use. Pre-
sently, there are mainly three products (Seprafilm®, Interceed®,
and AdSpray®) commercially available for the indication to reduce
postoperative adhesion, including two sheet-type and one spray-
type antiadhesion barrier systems. For the sheet-type barrier sys-
tems, although their efficacy has been clinically demonstrated for
intraperitoneal physical barriers [25-28], their clinical usage is
sometimes difficult when applied through small incisions in
laparotomy, especially during laparoscopic surgery. On the other
hand, although the spray-type barrier system enables unlimited
use for various types of surgical procedures including laparoscopic
surgery, it requires intricate procedures including dissolution and
spray using a double-lumen syringe [29].

Herein, a liquid-type antiadhesion thin membrane, which was
prepared by the self-assembly nonlamellar liquid crystal formation
of an amphiphilic lipid of an isoprenoid-type hydrophobic chain,
was designed to overcome the drawbacks of other antiadhesion
barrier systems. Liquid crystal is a substance that flows like a liquid
but maintains some of the structural characteristics of crystalline
solids. It can be classified into two categories, namely, lyotropic lig-
uid crystal normally comprising amphiphilic substances and water
and thermotropic liquid crystal comprising a rigid component with
one or two flexible aliphatic chains [30]. The lyotropic liquid crys-
tal can be classified as lamellar and nonlamellar structures such as
hexagonal and bicontinuous cubic phases. In addition, aqueous
nanodispersions of the nonlamellar liquid crystalline phases are
known as ISAsomes (internally self-assembled “somes” or
nanoparticles). In the case of hexagonal and cubic phases, these
nanoparticles have been termed hexosomes and cubosomes
[31,32]. In this study, to obtain liquid-type barrier-forming liquid
crystals, a submicron-sized emulsion was prepared from different
component percentages of C17 glycerin ester (C17GE), which is
an amphiphilic lipid of one isoprenoid-type hydrophobic chain;
squalene; pluronic F127 as a stabilizer; ethanol; and water. An
amphiphilic lipid of an isoprenoid-type hydrophobic chain, derived
from five-carbon isoprene units, can form two phases of nonlamel-
lar liquid crystals, namely, the inverted hexagonal and the inverted
bicontinuous cubic phase, in excess water [33] (Fig. 1). The nan-
odispersion of C17GE itself formed the inverted bicontinuous cubic

phase. The addition of an oil, squalene, induces a structural transi-
tion from the inverted bicontinuous cubic phase to the inverted
hexagonal phase, thereby enabling to confer homogeneous disper-
sion stability to the C17GE agent. In addition, it is known that the
isoprenoid-type lipid that forms the nonlamellar liquid crystals
exhibits distinctive physical properties, for instance, considerably
lower solute permeability, higher salt tolerance of the bilayer
membranes [34,35], and a temperature stability range from 0 °C
to at least 65 °C [36] than the conventional amphiphilic lipids.

To date, nonlamellar liquid crystal systems have been exten-
sively paid much attention for their applications as drug vehicles,
which offer two distinct promising strategies: the formation of ISA-
somes and the bulk of liquid crystal [30-32,37,38]. Various lipids
that form liquid crystals have been evaluated to be applicable to
various routes of administration, as they are able to provide a
matrix with sustained drug release that can also protect nucleic
acids and other biological materials against both physical and
chemical degradation. Indeed, the bulk of C17GE has been devel-
oped for transdermal drug delivery to improve skin permeation
of various drugs [39,40]. In this study, we focus on the feature that
liquid crystal formation generates a thin membrane, and in addi-
tion, the surface of the liquid crystal formed may have a property
of bioadhesion. Once the nonlamellar liquid crystal is in contact
with the surface of biological tissues, it adheres to the tissue sur-
face while acting as a thin membrane to prevent tissue adhesion,
which seems to be a new application.

In this study, a liquid-type antiadhesion agent was designed
from the amphiphilic lipid with an isoprenoid-type hydrophobic
chain, which can form a nonlamellar liquid crystal. When this
agent was applied to a sidewall injury on the peritoneal membrane
of rats, the efficacy of the liquid-type agent in preventing postop-
erative adhesion and the retention of this agent in the peritoneal
cavity of rats were evaluated.

2. Materials and methods
2.1. Materials

Propionic acid, trimethyl orthoacetate, and glycerol were pur-
chased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan).
Tetrahydronerolidol was obtained from Kuraray Co., Ltd (Tokyo,
Japan). Squalene, potassium carbonate, and N,N-
dimethylformamide were purchased from Wako Pure Chemical
Industries, Ltd (Osaka, Japan). Surfactant, pluronic F127 (poly-
oxyethylene polyoxypropylene (200EO) (70PO)), was purchased

Inverted biocontinuous cubic phase

Inverted hexagonal phase

Fig. 1. Two representative phases of nonlamellar liquid crystals.



T. Murakami et al./ Acta Biomaterialia 84 (2019) 257-267 259

from NOF Co., Ltd (Tokyo, Japan). All other reagents were used
without further purification.

2.2. Animals

Wistar rats (female; 130-150 g of body weight; 8 weeks old)
were purchased from Shimizu Laboratory Supplies Co., Ltd (Kyoto,
Japan) and maintained under a pathogen-free environment. All
interventions were performed during the light or dark cycle. All
animal experiments were conducted in accordance with the Hel-
sinki Convention, and our institutional guidelines were approved
by Kyoto University Animal Care Committee.

2.3. Synthesis of mono-0-(5,9,13-trimethyltetradec—4-enoyl) glycerol
(C17 glycerin ester)

The chemical synthesis of C17GE is shown in Fig. 2. A solution
containing a mixture of 3.9 mmol propionic acid and 7.8 mmol tri-
methyl orthoacetate was slowly added dropwise to a solution of
39 mmol tetrahydronerolidol that was dissolved in 86 mmol tri-
methyl orthoacetate at 140 °C, followed by stirring for 18 h at the
same temperature. Another solution containing a mixture of
1.3 mmol propionic acid and 2.3 mmol trimethyl orthoacetate
was added, with additional stirring for 2 h. The samples were sub-
jected to simple distillation (external temperature of 140 °C, vac-
uum degree: 15 kPa) to exclude components with low boiling
points, and the resulting residue was purified by silica gel column
chromatography (ethyl acetate/hexane mixture) to obtain methyl
5,9,13-trimethyltetradec—4-enoate. The methyl 5,9,13-trimethylt
etradec—4-enoate (1.0 g) solution was slowly added dropwise to
a solution containing 7.1 mmol glycerol and 4.3 mmol potassium
carbonate in dry N,N-dimethylformamide at 80 °C. The resulting
solution was stirred at 100 °C for 18 h, and then, 1 M hydrochloric
acid was added. The resulting solution was extracted with ether;
the extract was washed with saturated sodium bicarbonate aque-
ous solution and saturated brine successively and then dried over
anhydrous sodium sulfate. After filtration, the filtrate obtained
was concentrated, followed by purification by silica gel column
chromatography (ethyl acetate/hexane mixture) to obtain Mono-
0-(5,9,13-trimethyltetradec-4-enoyl)glycerol, which had lipid
with hydrophobic chain lengths of 17 carbon atoms, referred to
as C17 glycerin ester (C17GE). The purity of C17GE obtained was
98.3%.

2.4. Preparation of the C17GE agent

Pluronic F127 was dissolved in a solution containing a mixture
of C17GE, squalene, and ethanol in a water bath at 50 °C at differ-
ent percentages of lipid composition (Table 1). After the addition of
distilled water, the mixture was stirred with a spatula for a few
minutes. The resulting coarse suspension was homogenized using
a high-pressure homogenizer (Star Burst minimo, Sugino Machine
Ltd, Uozy, Japan) at a pressure of 150 MPa to form C17GE agents as
a white emulsion (Fig. 3A). The temporal stability of C17GE agents
obtained was evaluated at room temperature and 4 °C.

CH3C(OCHg3)3 MeO.

OH
/\'/\/M A X
propionic acid le}

140°C, 18h, 65%
Tetrahydronerolidol

Methyl 5,9,13-trimethyltetradec-4-enoate

2.5. Characterization of the C17GE agent

2.5.1. Measurement of particle size and zeta potential

The particle size and zeta potential of C17GE agents with differ-
ent percentages of lipid composition were measured on a dynamic
light scattering Nano-ZS ZEN3600 Zetasizer (Malvern Instruments
Ltd, Worcestershire, UK). Each sample was diluted in water and
shaken using a vortex mixer before measurement. The measure-
ments were performed independently three times for every
sample.

2.5.2. Measurement of viscosity

The viscosity of C17GE agents prepared at different lipid com-
positions was measured using a Gemini II rheometer (Malvern
Instruments Ltd., Worcestershire, UK) with a cone plate ¢ of
40 mm and corn angle at 25 °C. The dispersions were subjected
to increasing and decreasing shear rates for 30 min in 60 steps
from 1s~! to 10000 s~!. The measurements were performed inde-
pendently three times for every sample.

2.5.3. Measurement of the bioadhesive property

Peritoneal segments of Wistar rats (1.5 cm?) were resected and
fixed on the plate, and 1 ml of phosphate-buffered saline (PBS) was
applied on the peritoneum for 5 min. After draining the PBS, the
C17GE agent was applied on the peritoneum, followed by addition
of 1 ml of PBS to form a liquid crystal. The peritoneal segment was
placed into a tube containing 5 ml of PBS, followed by gentle stir-
ring for 1h at 37 °C. After removal of the peritoneal segment,
2.5 ml of ethyl acetate was added to the remaining aqueous solu-
tion to extract the lipid in the aqueous solution. After the extract
was dried over sodium sulfate and filtered, the resulting filtrate
was concentrated at reduced pressure, followed by dilution with
0.1 ml of ethyl acetate. Thin-layer chromatography (TLC) of the
solution was performed to detect the lipid in the aqueous solution.

2.6. Confirmation of liquid crystal structure

2.6.1. Small-angle X-ray scattering (SAXS) measurement

The structural arrangements of the liquid crystal dispersion
were analyzed by small-angle X-ray scattering (SAXS) using the
NANO-Viewer (Rigaku, Tokyo, Japan) equipped with a Pilatus
100 K/RL 2D detector, which was performed by X-ray irradiation
at wavelength % =0.1542 nm (Cu-Ko), 40 kV, and 50 mA. Diffrac-
tion analyses were performed using a vacuum-resistant glass cap-
illary cell at 25 °C. The obtained SAXS pattern was plotted as a
function of the modulus of the scattering vector, g = (4m/)X) sin
(6/2), where 6 is the scattering angle. The scattering intensities of
all samples were measured in a relative unit, but a quantitative
contrast of the measurements was standardized under the same
experimental conditions.

2.6.2. Observation by cryo-transmission electron microscopy (cryo-
TEM)

The prepared liquid crystal dispersion was observed by cryo-
transmission electron microscopy (cryo-TEM) (JEM-2200FS, JEOL

OH
OH

Ho A on o T, -
K,CO3, DMF W

100°C, 18h, 62%
Mono-0-(5,9,13-trimethyltetradec-4-enoyl)glycerol

Fig. 2. Chemical structure and preparation scheme of Mono-0-(5,9,13-trimethyltetradec-4-enoyl)-glycerol (C17 glycerin ester) (C17GE).
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Table 1
Composition percentage of C17GE agents used.
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Component composition (wt%)

Lipid® oil® Pluronic Ethanol Water

15 15 3.75 2 77.75

18 1.8 4.5 2 73.70

21 2.1 5.25 2 69.65

25 2.5 6.25 2 64.25
@ Lipid: C17GE.

b 0il: squalene.

Fig. 3. (A) Appearance of the C17GE agent used (lipid composition = 25 wt%) (B) Tissue appearance of sidewall injury closed with six continuous sutures. (C) Tissue
appearance of the sutured injury after application of the C17GE agent. (D) Appearance of the range 100% of peritoneal adhesion. (E) Appearance of the range 60% of peritoneal

adhesion.

Ltd, Tokyo, Japan). Briefly, 2.5 pl of the sample was placed on a
glow-discharged carbon support TEM grid (Quantifoil), blotted,
and rapidly plunged into liquid ethane using Vitrobot (FEI, Oregon,
USA). The ice-embedded sample obtained was transferred into a
JEM-2200FS microscope. Images were recorded with a Tietz F415
CCD camera and a DE20 direct detection camera. The defocus var-
ied from 2 to 4 um accordingly.

2.7. Evaluation of in vivo antiadhesion effect in a rat peritoneal
adhesion model

A rat model of sidewall injury was used to analyze the antiad-
hesion efficacy of C17GE agents. Wistar rats were intraperitoneally
anesthetized with 15 wt% pentobarbital and underwent laparo-
tomy with a 5 cm long midline incision. Then, a 20 mm longitudi-
nal peritoneal incision was made on the bilateral abdominal wall
and closed with six continuous 5-0 silk sutures (Nescosuture®;
Alfresa, Japan). The sutures were placed equidistantly over the
defect, with the first stitch at the proximal end and the last stitch
at the distal end of the wound (Fig. 3B). After hemostasis was com-
pletely confirmed, 72 ul of C17GE agents with various lipid compo-
sitions was instilled into the right wound (Fig. 3C), and the left side
was left untreated as the control. After the application of the sam-
ple, the midline wound was closed with one-layer continuous 4-0
nylon sutures (Bear Medic Co., Tokyo, Japan). For the Seprafilm®
(Genzyme, Cambridge, USA), which is composed of sodium hyalur-
onate and sodium carboxymethyl cellulose, group (n=10), the
right wound was covered with a 2 x 3 cm? Seprafilm®, and the left
injured site was not covered. At 1 week after surgery, the animals
were sacrificed and the abdominal wall was opened to assess the
strength and range of tissue adhesion. The strength of adhesion
was scored for each abdominal sidewall as follows: score 0, no
adhesion; score 1, peelable adhesion with mild traction; score 2,
peelable adhesion with strong traction; and score 3, adhesion
involved tissue damage by peeling. The range of adhesion was cal-
culated for each abdominal sidewall as a fraction of tissue adhesion

from 0% to 100% (given as a percentage of 20 mm longitudinal peri-
toneal incision).

2.8. Evaluation of in vivo retention of the C17GE agent in the
peritoneal cavity

The time profile of the C17GE agent retention in the peritoneal
cavity was assessed using IVIS (IVIS Spectrum, SPC, Japan). To pre-
pare a C17GE agent containing 1,1'-dioctadecyltetramethyl
indotricarbocyanine iodide (DiR) of a lipophilic, near-infrared fluo-
rescent cyanine dye (Biotium, Fremont, USA) (0.2 mM), 10 mM DiR
ethanol solution was added instead of ethanol in preparation of the
C17GE agent with a lipid composition of 25 wt% as described
above. DiR ethanol solution (10 mM) was added to water to pre-
pare the DiR aqueous solution (0.2 mM).

Wistar rats were anesthetized and underwent laparotomy by
the same procedure as the rat peritoneal adhesion model. The right
sidewall peritoneum was incised and then sutured with 5-0 silk
continuously. The C17GE agent containing DiR (0.2 mM) was
applied to the right lateral wall similar to the procedure performed
for the evaluation of antiadhesion efficacy. The DiR aqueous solu-
tion (0.2 mM) was used as the control group. After sample applica-
tion, the midline wound was sutured in a similar manner as
mentioned above. Rats were imaged at different time points of 0,
1,3,6,and 12h or 1, 3, 7, and 14 days using the IVIS apparatus.
The excitation and emission filters were set at 745 and 800 nm,
respectively.

2.9. Statistical analysis

Statistical data were expressed as the mean * standard devia-
tion (SD). Student’s t-test was used to compare mean values
between the two groups (two-tailed). A difference of p < 0.05 was
considered to be statistically significant. All statistical analyses
were performed using JMP version 12 (SAS Institute, Cary, NC,
USA).
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3. Results
3.1. Characterization of C17GE agents

Table 2 shows the particle size, zeta potential, and viscosity of
C17GE agents prepared at different lipid compositions. The particle
size of C17GE agents tended to gradually increase as the lipid com-
position increased. The zeta potentials of C17GE agents were neg-
ative, irrespective of the lipid composition. The viscosity of C17GE
agents depended on the lipid composition. The agent was a free-
flowing liquid at low lipid composition percentages (less than
18 wt%). However, it showed the behavior of a viscid liquid at
higher percent lipid compositions. The viscosity of the antiadhe-
sion agent should be optimal to allow stable coating on compli-
cated wound surfaces without flowing down. On the basis of the
requirement of agent properties, the C17GE agent with a lipid com-
position of 25 wt% was used for the following experiment. In addi-
tion, Fig. 4 shows the hysteresis loop, where the shear viscosity of
the C17GE agent was reduced upon application at a finite shear,
but the viscosity tended to recover to the original value when
the shear was discontinued. It is practically easy to apply the agent
to various shapes of targets. This is because the viscosity of the
agent decreased when shaken or sprayed and rapidly increased
to the original after application over the target. The phase separa-
tion of lipid in C17GE agents was not observed at room tempera-
ture and 4 °C for at least 1 year. Moreover, the particle size and
SAXS diffraction pattern of C17GE agents remained unchanged at
the two temperatures (Table S1 and Fig. S1), which shows the tem-
poral stability of C17GE agents. TLC analyses demonstrated that
lipids in the aqueous solution were not substantially detected after
stirring for 1 h at 37 °C in the aqueous solution. Further, the lipids
on the peritoneum segments were visibly observed at the applied
area and were found to be same as those applied. This indicates
the bioadhesive property of C17GE agents.

3.2. Structure of the C17GE agent

Fig. 5A shows the X-ray profile of the C17GE agent without
squalene in the nanodispersion state. Five peaks were observed
nearly at /2, v/3, v/4, v/6, and /8, which typically correspond to
the inverted bicontinuous cubic Pn3m phase. Fig. 5B shows the
X-ray profile of the C17GE agent with a lipid composition of
25 wt% in the nanodispersion state. Three peaks were observed
nearly at 1, /3, and /4, which typically correspond to the inverted
hexagonal phase. All of the C17GE agents prepared at different
lipid compositions represented the hexosomes, irrespective of the
lipid composition, as shown in Table 1. The lattice parameter (a)
of the hexagonal phases was determined using the relation d' =
(a~1)(4/3)"? (h? + hk + k*)'/? from linear fits of the plots of d ! ver-
sus (h? + hk + k*)'2, where d is the measured peak position and h
and k are the Miller indices. The calculated lattice parameter of
the inverted hexagonal phase of the C17GE agent with a lipid com-
position of 25 wt% was 50.4 A. This value was almost equivalent to
that of liquid crystals comprising glyceryl monooleate (GMO),
which is the most thoroughly studied and well-characterized lipid

Table 2
Characterization of C17GE agents used.

with a tendency to form nonlamellar liquid crystals in excess water
[41]. Fig.6A and 6B show cryo-TEM microphotographs of the
C17GE agent. This clearly indicated that the agent had the inverted
hexagonal phase in nanoparticles. Fourier transform results of the
magnified areas showed the structural periodicity of nanoparticles,
which is consistent with the phase structure (Fig. 6C).

3.3. In vivo antiadhesion effect

The antiadhesion efficacy of C17GE agents was evaluated in a
rat model of sidewall injury. As shown in Fig. 7A, the nontreatment
side in most rats showed the range of adhesion to be 69% of an
extensive adhesion. For the side applied with the C17GE agent,
the range of adhesion (15%) decreased to a significantly strong
extent compared with that of the nontreatment side (adhesion
reduction rate; 77.6%, p = 0.002). Interestingly, no peritoneal adhe-
sion was observed in 8 of 11 rats. On the contrary, there was no sig-
nificant difference in the strength and range of adhesion between
the Seprafilm® and nontreatment groups (range; 59% vs. 90%,
adhesion reduction rate; 35.0%, p=0.11) (Fig. 7B). Moreover, the
C17GE agent treatment reduced the range of peritoneal adhesion
significantly compared with that of the Seprafilm® group (adhesion
reduction rate; 77.6% vs. 35.0%, p = 0.014). Fig. 7C shows the liquid
composition effect on the adhesion prevention efficacy of the
C17GE agent. The C17GE agents with lipid compositions of 21
and 25 wt% groups showed significantly smaller percent average
ranges of adhesion than the nontreatment group. There was no sig-
nificant difference in the adhesion reduction rate between the
Seprafilm® group and the group with C17GE agents with lipid com-
positions of less than 18 wt%.

3.4. In vivo retention of the C17GE agent in the peritoneal cavity

Fig. 8 shows the in vivo retention of the DiR-labeled C17GE
agent of 25 wt% lipid composition in the peritoneal cavity. The flu-
orescence signal of the DiR-labeled C17GE agent was visualized
intensely around the applied area immediately after the applica-
tion. The signal intensity decreased gradually with time but
remained even 7 days later, and it disappeared within 14 days.
On the contrary, the fluorescence signal of the DiR aqueous solu-
tion was detected immediately after the application at the left
paracolic sulcus because the liquid solution was found to flow to
the left paracolic sulcus because of its viscosity. However, it disap-
peared within 6 h. The visible fluorescent signal in the midline
incision could be an artifact remaining at the nonmetabolized site.

4. Discussion

Postoperative adhesion is a common problem after abdominal
surgery, while diverse antiadhesion drugs and devices have been
developed to prevent the postoperative adhesion. However, unfor-
tunately, only few drugs and devices have been proven to be effec-
tive and safe in clinical trials [25-29]|. The present study
demonstrates that the liquid-type antiadhesion agent of an amphi-
philic lipid with an isoprenoid-type hydrophobic chain is promis-

Lipid percentage Particle size (nm) Pdl Zeta potential (mV) Viscosity (Pa-s)

15 1225+14 0.072 -356+14 0.40° 0.0045"
18 1249+1.4 0.066 -17.0+1.9 0.37°¢ 0.0065"
21 168.7+1.4 0.058 -25.0£0.1 0.46° 0.0144°
25 187.9+23 0.104 -24.8+0.2 0.44° 0.0329°

3 Shear rate 100 s
b Shear rate 10000 s~".
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Fig. 4. A representative shear viscosity relationship of the C17GE agent with a lipid composition of 25 wt%.
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Fig. 5. (A) SAXS diffraction pattern of the C17GE agent without squalene. (B) SAXS diffraction pattern of the C17GE agent with a lipid composition of 25 wt% in the presence of
squalene.

ing to prevent tissue adhesion, which seems to be a new applica- phases of the nonlamellar liquid crystals: the inverted hexagonal
tion. The amphiphilic lipid has an inherent ability to self- and the inverted bicontinuous cubic phase (Fig. 5). The agent was
assemble in excess water, thereby leading to the formation of easy to use by emulsifying several materials including liquid
agents with internal inverted nonlamellar liquid crystalline phases. crystal-forming lipids with a high-pressure homogenizer. The effi-

SAXS measurement results revealed that the agent can form two cacy of the agent in preventing peritoneal adhesion was found to
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C

Fig. 6. Representative Cryo-TEM images of the C17GE agent with a lipid composition of 25 wt%: (A) Magnification x30000, scale bar: 100 nm and (B) magnification x 15000,

scale bar: 200 nm, (C) Fourier transform pattern of the C17GE agent.

be significant compared with that of the Seprafilm® antiadhesion
membrane clinically used in a rat peritoneal adhesion model
(Fig. 7). In addition, the retention of the agent applied in the peri-
toneal cavity was prolonged. It is likely that the agent forms a lig-
uid crystal between the peritoneum and tissues, thus leading to an
enhanced retention in the body.

It is reported that various biomaterials such as biological scaf-
folds, membranes, and drugs were designed to suppress the forma-
tion of peritoneal adhesion [42-44]. Among them, many hydrogels,
which are a kind of water-containing polymer material with a
three-dimensional network structure, have been developed for
the application of nonsheet-type antiadhesion. The mechanical
properties can be tuned by adjusting the concentrations of materi-
als, which is necessary for their use as an injected or spray-type
agent in laparoscopic surgery. The low tensile strength of hydro-
gels limits their use in load-bearing relevance and can result in
the premature dissolution or flow away of hydrogel from the tar-
geted site [44]. On the contrary, the C17GE agent is a suitable
hydrogel in terms of the adjustable mechanical properties. Indeed,
the particle size and the viscosity of C17GE agents could be readily
arranged according to the optimal use by changing the lipid com-
positions (Table 2).

Recently, AdSpray® (Terumo Corporation, Tokyo, Japan), which
is composed of N-hydroxysuccinimide (NHS)-modified car-
boxymethyl dextrin and sodium carbonate/sodium hydrogen car-
bonate, has been clinically used as a spray-type bio-absorbable
antiadhesion system [29]. In this system, two powders are dis-
solved in distilled water for injection and loaded into a double syr-
inge and mixed with compressed medical air. This preparation
procedure is complicated intraoperatively. However, the C17GE
agent is extremely stable by itself and ready for use without mix-
ing two or more materials, which may be superior for laparoscopic
surgery.

The SAXS measurement and cryo-TEM micrographs of the
C17GE agent represented hexosomes (Figs. 5 and 6). Conversely,
the nanodispersion of the C17GE agent without squalene repre-
sented cubosomes and showed a moderate adhesion prevention
effect. However, the low dispersion stability and high viscosity of
the agent were not ideal for the purpose of antiadhesion. In the
case of C17GE agents without squalene, it is only possible to pre-
pare the agents with up to 18-20 wt% lipid composition because
of the low dispersion stability. Simple mixing of C17GE with squa-
lene could induce a phase transition from cubosomes to hexo-
somes and enable to confer the agent with dispersion stability
and lower viscosity and prepare C17GE agents with a higher lipid
composition (up to 30 wt%). In this study, the C17GE agent with
a lipid composition of 25 wt% was used for the experiment because

the agent with a lipid composition of 30 wt% could not be sprayed
with high viscosity. Moreover, highly negative zeta potentials for
the prepared nanodispersions were obtained, although the C17GE
agent exerted electrical neutrality. This can be explained by the
preferential adsorption of hydroxyl ions at the liquid—-water inter-
face [45] or the presence of charged fatty acid impurities in lipid
[46]. Thus, the stabilization of these colloidal nanoparticles is most
likely achieved through a combination of steric and electrostatic
effects in the presence of oil and the highly negative zeta potential,
respectively.

The C17GE agent significantly decreased the extent of peri-
toneal adhesions compared with that of nontreatment and
Seprafilm® groups (Fig. 7A and B). Seprafilm® could not effec-
tively decrease the extent of peritoneal adhesion in our rat
model, although it is a standard antiadhesion product. This is
probably caused by a rat model for inducing experimental peri-
toneal adhesion. The rat cecal ablation model without sutures
was mainly used to assess the antiadhesion effect of Seprafilm®
[47]. On the contrary, our rat model showed a higher probability
to induce tissue adhesion, that is, traumatization and sutures
have the potential to promote tissue adhesion at higher proba-
bility in a rat model [48]. Additionally, there was a difference
in percent average range of adhesions at the untreated sites
between the C17GE agent and Seprafilm® group in the present
rat peritoneal adhesion model as shown in Fig. 7C. It is probable
that the liquid-type agent flows down slightly to the opposite
side despite the high viscosity or the agent attached to the
intestinal tract tends to contact with the opposite side. Even
then, the adhesion reduction rate of the C17GE agent was signif-
icantly higher than that of Seprafilm®.

The C17GE agent remained in the peritoneal cavity for a longer
time period (Fig. 8). We can say with certainty that a liquid crystal
structure is present at the affected area and remained in the body
for more than 1week. In addition, the liquid crystal-forming
C17GE agent applied on the peritoneal segment mostly remained
even after stirring in aqueous solution in vitro. These may be
explained in terms of the unique property. It is likely that the
bioadhesion of inverted hexagonal phase is achieved on the peri-
toneum because of the hydrophobic chain around the liquid crys-
tal. In addition, the self-assembly structure of the liquid crystal
would act as a physical barrier to prevent the peritoneal adhesion.
Moreover, the efficacy in preventing tissue adhesion enhanced
with an increase in the lipid compositions of C17GE agents
(Fig. 7C). Taken together, it is hypothesized that a liquid crystal
structure is overlain to each other on the surface of the tissues after
application of C17GE agents. This would result in more potency of
the agent as a physical barrier.



264 T. Murakami et al./Acta Biomaterialia 84 (2019) 257-267

3 00 100 | @ 3 000000000 100  0e000®
90 %0 | @
80 80 | @
70 70
2 2
< S 60 < S 60
is) i) is) 8
= S 0@ = $ 50
2 8 12
(] [5] (2] D
S 40 S 40
1 1
o 30 30
20 {@ 20
10 10
0 ' eec00000® 0 ' eee00000 0 -e® o' ee®
C17GE agent Nontreatment
3, 000000 100 0000® 3 000000000 100 | 000000000
90 90
80 | ® 80
70 70
2@ 2
(0] (0]
£ %7 60 £ % 60
[} = jo)] -
S S so0 S S so0
fust o = o
7] o) ) o
® 40 & a0
1 1
30 30
20 20
10 10
°
0 ' eee® 0 ' eee® 0-'e® 0-'e®
Seprafilm® Nontreatment
100
90
80 * *
70
c
Ke]
8 60
L
©
J 50
(o]
S
2 40
[
o
30
20
10
0
oL o A\ o A\ o A\ o A\ o
\(ea““e o © a““e o ““e o ““e oo “ea““e ot
15 18 21 25 Seprafilm®

Percent lipid composition

Fig. 7. In vivo antiadhesion effects of the C17GE agent and Seprafilm”. (A) Percent average range of adhesion of the C17GE agent was 15 + 32 % (non-treatment group: 69 +
40%). (B) Percent average range of adhesion of Seprafilm” was 59 + 50% (non-treatment group: 90 + 32%). (C) Percent adhesion range of C17GE agents at different lipid
compositions and Seprafilm” in a rat peritoneal adhesion model. The reduction rates of the adhesion range were 44.3% (15 wt% lipid), 37.2% (18 wt% lipid), 64.7% (21 wt%
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For better clinical application, it is important to provide unlim- biocompatible [49,50]. The antiadhesion agent used in the present
ited coverage of the target peritoneum in both open and laparo- study was prepared by emulsifying the mixture of C17GE/
scopic surgery. Additionally, it should be biodegradable and squalene/pluronic F127/ethanol and water. Although biological
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activities of C17GE itself are still indistinct, other related com-
pounds with isoprenoid-type hydrophobic chains, for example,
Gefarnate (geranyl farnesylacetate) and Teprenone, anti-ulcer
drugs, are metabolized by the liver and excreted by the kidney
and intestinal tract. Therefore, it is potentially predictable that
the C17GE agent follows similar metabolic pathways. Presently,
hydrophobic additives such as vitamin E and oleic acid are mixed
to liquid crystals, and the addition of oleic acid induces a structural
transition from cubosomes to hexosomes [51,52]. Indeed, we also
confirmed the addition of oils such as squalene, squalane, and iso-
propyl myristate led to a structural transition from cubosomes to
hexosomes. Among them, squalene is a naturally occurring oil pro-
duced in plants and also abundant in human beings and has been
used in the development of vaccine adjuvants [50]. Based on that,
we chose squalene as a hydrophobic additive for the following
experiment. Further, the C17GE agent forming the inverted hexag-
onal phase has hydrophilic residues, which are wrapped inside its
structure. The high water content properties of the agent resemble
those of biological tissues, which may act in favorable biocompat-
ibility. In addition, Pluronic F127 is prevalent in a variety of phar-
maceutical additives and widely used for the stabilization of
ISAsomes. Indeed, we confirmed the addition of stabilizers such
as Pluronic F127 and Polysorbate 80 (P80) [53,54]. Pluronic F127
could confer the highest dispersion stability and temporal stability
to the agent at room temperature and 4 °C. Based on that, Pluronic
F127 was used as a stabilizer for the experiment. Furthermore, it is
reported that [SAsomes often exhibit poor hemocompatibility and
may induce cellular toxicity, which limits their application for
intravenous administration [55,56]. Moreover, pluronic F127 acti-
vates the human complement system in the blood [57,58]. Recent
studies introduce citrem as an alternative stabilizer, which is an
anionic citric acid ester of monoglycerides [59,60]. Citrem can
modulate the internal nanostructures of ISAsomes and abolish
surfactant-mediated hemolysis, as well as complement activation.
Hence, citrem might be an attractive agent for the clinical applica-
tion of the C17GE agent as a stabilizer.

To date, the hexosomes composed of glycerate-based surfac-
tants such as GMO and phytanyl glycerate have shown great
potential in drug delivery [61,62]. Hydrophilic drugs are entrapped
in the internal water domain, whereas lipophilic drugs are located
within the lipid domain and amphiphilic drugs in the interface.
Actually, the C17GE agent containing DiR remained detectable in
the peritoneal cavity for more than 1 week (Fig. 8). This suggests
that the C17GE agent has an ability to sustain the lipophilic sub-
stance for the drug delivery system. Therefore, if other lipophilic
substances are incorporated into the lipid domain of the C17GE
agent, it may be possible to enhance the antiadhesion effect
further.

There are several limitations of this study. The first limitation is
the toxicity of C17GE. Fibrosis, inflammation, and vascularization
in the wound applied with the C17GE agent, as well as Seprafilm®,
were microscopically observed to some extent. This might be bio-
logically explained in terms of the influence of the wound healing
and the foreign body reaction of silk thread. Actually, there was no
practical problem that could affect the process of wound healing in
a rat adhesion model. Furthermore, cytotoxicity test, skin sensiti-
zation test, intradermal reaction, and muscle implantation of the
C17GE agent were already conducted to experimentally confirm
biocompatibility (data not shown). However, further studies are
needed to be performed for better understanding of systematic
toxicity. Second, the retention time in the peritoneal cavity was
assessed only using a fluorescent substance. More detailed evalua-
tion should be performed. Additionally, the metabolism of the
C17GE agent is not yet fully understood. Further studies with a
radioisotope-labeled C17GE agent is required to evaluate the
degradability and metabolizing profiles.

In summary, it should be noted in this study that there was a
significant antiadhesion effect of the C17GE agent over an antiad-
hesion membrane clinically used. It is concluded that the C17GE
agent is one of the important options to prevent postoperative
adhesion.

5. Conclusions

In this study, we developed a liquid-type antiadhesion agent
composed of C17GE, which is an amphipathic lipid of one
isoprenoid-type hydrophobic chain; squalene; pluronic F127;
ethanol; and water. In the nanodispersion state, the self-
assembly of C17GE resulted in the formation of agents with an
internal inverted hexagonal phase (hexosomes). The agent formed
a thin membrane with a bioadhesive property and reduced the per-
centage range of tissue adhesion significantly compared with that
of Seprafilm® of an antiadhesion membrane clinically used in a rat
peritoneal adhesion model. These findings indicate that the C17GE
agent is a promising new candidate as an antiadhesion material.
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