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Synergic modulation of the inflammatory state of
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phosphatidylserine-containing polymer-lipid
hybrid nanoparticlest
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Inflammatory activation of macrophages is a key factor in chronic inflammatory diseases such as ulcerative
colitis. The excessive production of reactive oxygen species (ROS)/reactive nitrogen species (RNS) by
macrophages causes oxidative stress during the inflammatory response and exaggerates infammatory le-
sions in ulcerative colitis. Inhibition of the inflammatory activation of macrophages is a promising treatment
for chronic inflammatory diseases. Here, we prepared self-filling polymer-lipid hybrid nanoparticles (PST-
PLNPs) consisting of poly bpi-lactic acid as a hydrophobic biodegradable polymer core encapsulating
a-tocopherol (T) and phosphatidylserine (PS) both on the surface and interior of the particle. We confirmed
the anti-inflammatory response of these hybrid nanoparticles in activated murine macrophages. PS has
anti-inflammatory effects on macrophages by modulating the macrophage phenotype, while a.-tocopherol is
an antioxidant that neutralizes ROS. We found that PS-containing (PS-PLNPs) and PS plus a-tocopherol-
containing (PST-PLNPs) polymer-lipid hybrid nanoparticles significantly increased the viability of lipopolysac-
charide (LPS)-treated macrophages compared with phosphatidylcholine-containing PLNPs. PST-PLNPs had a
better effect than PS-PLNPs, which was attributed to the synergy between PS and a-tocopherol. This
synergic action of PST-PLNPs reduced NO and pro-inflammatory cytokine (IL-6) production and in-
creased anti-inflammatory cytokine (TGF-B1) production when incubated with activated macrophages.
Thus, these self-filling biodegradable polymer-lipid hybrid nanoparticles (PST-PLNPs) containing anti-
oxidant and anti-inflammatory molecules might be potential alternative drug carriers to liposomes and
polymeric nanoparticles for the treatment of chronic inflammatory diseases such as ulcerative colitis.

1. Introduction

Ulcerative colitis (UC) is a chronic and non-specific inflamma-
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pathophysiology of UC, the inhibition of macrophage activity
to reduce inflammatory responses may represent a therapeu-
tic strategy for the treatment of UC.

Drugs primarily used for the treatment of ulcerative colitis
include aminosalicylates, steroids and immunosuppressive
drugs such as azathioprine, 6-mercaptopurine and monoclo-
nal antibodies,'®"® which aim to decrease inflammation.
These drugs exert their anti-inflammatory effects by
inhibiting COX activity and NF-kB/MAPK p38 signaling in ac-
tivated macrophages.'*'®> However, these drugs induce side
effects such as headache nausea, epigastric pain, diarrhea,
moon face, weight gain and dyspepsia.’®™"® However, 20-40%
of ulcerative colitis patients do not respond to these conven-
tional therapies and may receive secondary drug treatment or
colectomy.”® Even after colectomy, patients are predisposed
to the risk of complications such as small bowel obstruction,
anastomotic stricture, pouchitis and pouch failure.>" There-
fore, the search for safer and more effective agents for the
management of UC continues.

Recently, antioxidants were shown to exhibit anti-
inflammatory activity in an in vitro experimental colitis
model. Antioxidants mediate their anti-inflammatory effects
by free radical scavenging to neutralize ROS and inhibiting
the transcription of NF-kB in activated macrophages.*>**
o-Tocopherol and N-acetylcysteine were reported to attenuate
chemically induced colitis>*** by inhibiting the activation of
macrophages.”® Phosphatidylserine (PS) is another promising
molecule that has anti-inflammatory effects on activated
macrophages.*® PS is a phospholipid found in the inner leaf-
let of cell membranes, and during apoptosis, it is exposed on
the cell surface®” where it binds directly with macrophage re-
ceptors or via some bridging molecules (MFG-E8) to enhance
the phagocytosis of apoptotic cells.”® After the phagocytic
clearance of apoptotic cells, macrophages actively promote
anti-inflammatory responses by decreasing the production of
pro-inflammatory cytokines.>

The oral delivery of a-tocopherol and PS and their bio-
availability in the intestine is a big challenge because of the
physiological barriers present in the gastrointestinal tract
such as strong acidic conditions and gastric enzymes. The de-
velopment of composite formulation might help to improve
the bioavailability of these molecules. Liposomes and biode-
gradable nanoparticles comprising polylactic acid®® are pre-
dominantly used for oral drug delivery. However, liposomes

@® Poly DLlactic acid

ﬂ Ps

a-Tocopherol

Fig. 1 PS and a-tocopherol-containing polymer-lipid hybrid nano-
particles (PST-PLNPs).
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and general polymer nanoparticles are rapidly degraded be-
cause of their weak mechanical stability and the enzymatic
effect of the gastrointestinal tract.

To solve this problem, we propose a novel concept of self-
filling biodegradable polymer-lipid hybrid nanoparticles
(PLNPs) for the oral delivery of PS and a-tocopherol (Fig. 1).
In general, phospholipids such as PS are used as a dispersion
in the aqueous phase via O/W emulsion methods for particle
preparation because phospholipids act as emulsifiers and
linkers for surface modification.>® Here, we dissolved PS and
o-tocopherol in the organic phase to distribute them on both
the surface and interior of the particles. If surface PS is de-
graded in the gastrointestinal tract and released, PS incorpo-
rated in the particles will enable the self-filling of the surface
lipid monolayer to interact with intestinal macrophages. In
this study, we prepared a PLA core consisting of self-filling
biodegradable PLNPs containing o-tocopherol and PS to de-
crease oxidative stress and inflammatory responses induced
by activated macrophages. These two components demon-
strated synergistic anti-inflammatory and anti-oxidative ef-
fects on activated RAW264.7 macrophages. These PLNPs
might be potential drug carriers and effective tools to target
macrophages for the treatment of chronic inflammatory dis-
eases such as ulcerative colitis.

2. Materials and methods
2.1. Materials

3-sn-Phosphatidyl-t-serine  sodium  from  bovine, r-a-
phosphatidylcholine from egg yolk and lipopolysaccharide
(LPS) from Escherichia coli (serotype 0111; B4) were pur-
chased from Sigma Aldrich (Japan). PLA ester terminated
(Mw 18000-28000) and polyvinyl alcohol (Mw 89 000-98 000)
purchased from Sigma Aldrich (Japan).
o-Tocopherol was purchased from TCI. ELISA-kits for mouse
IL-6 and TGF-B1 were purchased from R&D systems. A nitric
oxide assay kit (Griess reagent) was purchased from Dojindo
Co. Japan.

were also

2.2. Preparation of PLNPs

Anti-oxidant and anti-inflammatory molecule-containing
PLNPs were prepared by an oil-in-water emulsion method.
Dichloromethane-toluene mixed (v/v = 1/1; density 1.1 g
cm™?) solution (0.53 mL) containing PLA (25 mg mL "), PS
(10 mg mL™) and o-tocopherol (20 mg mL™) was prepared.
Then, this organic solution was added to an aqueous solution
(5.3 mL) containing 2% polyvinyl alcohol (20 mg mL™). Then
the two-phase solution was vigorously mixed by a vortex for 1
min and sonicated for 5 min with a probe sonicator at 40%
output (frequency: 20 kHz, output: 200 watts; ultrasonic dis-
rupter UD 201, TOMY, Seiko Co. Ltd, Japan). The organic sol-
vent was evaporated from the solution under reduced pres-
sure using an oil vacuum pump for 2.5 h with shaking. The
resulting PLNPs were collected by centrifugation at 10000
rpm at 4 °C for 10 min. The particles were washed three
times with distilled water. PC-, PCT- and PS-PLNPs were
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prepared similarly. Fluorescence-labelled lipid nanoparticles
were prepared by mixing with DiD (6 pg mL ™) in the organic
phase.

2.3. Characterization of PLNPs

The size, polydispersity index, and {-potential of the PLNPs
were measured with a dynamic light-scattering spectropho-
tometer (Zetasizer Nanoseries, Malvern Instruments, UK) at
25 ©°C. To measure the size, polydispersity index, and
C-potential, the samples were suspended in 10 mM HEPES
buffer at pH 7.4 by a vortex and the obtained results were
reported as the mean of three runs. The morphology of each
PLNP was observed by an ultra-high resolution scanning
electron microscope SU 8010 (HITACHI, Japan). The encapsu-
lation efficiency of a-tocopherol was determined by absorp-
tion at 292 nm after dissolving the PLNPs in ethanol/HEPES
buffer (10:1).

2.4. Cell culture

RAW264.7 murine macrophages (DS Pharma Biomedical, Ja-
pan) were maintained in Dulbecco's Modified Eagle's Me-
dium containing 10% foetal bovine serum (FBS) and 2 mM
-glutamine supplemented with 100 U mL™ penicillin, 100 pg
mL™" streptomycin, and 0.25 pg mL™" amphotericin B (all
from Gibco Invitrogen Co., NY, USA). The cells were
harvested in a humidified atmosphere containing 5% CO,
and 95% air at 37 °C. For the assay of macrophage activation
with and without PLNPs, we treated cells with lipopolysaccha-
ride (1 pg mL™) and interferon-y (100 U mL™).**

2.5. Cellular uptake of PLNPs

Internalization of DiD-labelled PLNPs in macrophages was
observed by fluorescence microscopy (BZ-8100, Keyence, Ja-
pan). Briefly, RAW264.7 macrophages were seeded in a Petri
dish with DMEM high glucose containing FBS. After the cells
became 70-80% confluent, they were added to a 96-well glass
surface plate. Then, 1 x 10" cells were added to 100 ul of
DMEM containing FBS per well. After 24 h of incubation, the
cells were washed two times with DPBS. The particles and
LPS were added to 100 uL of DMEM without FBS. After 3 h of
incubation at 37 °C, the cells were observed for the uptake of
the particles by fluorescence microscopy. The quantification
of the PLNP-positive cells was performed using Tali image-
based cytometry.

2.6. Assay for cell survival

Relative cell viability was measured using a cell counting kit-
8 (WST-8, Dojindo Laboratories, Inc. Japan). Briefly, 1 x 10*
RAW264.7 cells were seeded in 100 uL of DMEM containing
FBS in a 96-well plate. After 24 h of incubation, the medium
was replaced with FBS-free DMEM high glucose. Then, the
particles and LPS were added and incubated for 48 h at 37
°C. Thereafter, 10 uL. WST-8 was added to each well after the
indicated period and incubated for 3 h at 37 °C. Conversion
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of WST-8 into formazan by the living cells was measured
using a microplate reader (Wallac ARVO.SX 1420 Multilabel
Counter) with absorbance at 450 nm. The total number of liv-
ing cells is expressed as a percentage relative to untreated
control samples.

2.7. NO quantification

The accumulation of NO, , a stable end product extensively
used as an indicator of NO production by cultured cells, was
assayed using the Griess reaction. Briefly, macrophages (1 x
10° cells per mL) were added to a 24-well plate and kept at 37
°C overnight. Then, the medium was replaced with serum
and antibiotic-free fresh medium and PLNPs (125 pg lipid
per mL) were added. After 1 h, LPS (1 pg mL™") and IFN-y
(100 TU mL™") were added and incubated for 47 h. After a to-
tal of 48 h incubation with PLNPs, the cell supernatant was
mixed with an equal volume of the Griess reagent and incu-
bated at room temperature for 15 min. The absorbance was
measured at 540 nm with a microplate reader (Wallac ARVO.
SX 1420 multilabel counter). Nitrite levels were determined
using a calibration line prepared from known concentrations
of NaNO, as a standard.

2.8. Cytokine detection by ELISA

The macrophages were seeded in a 24-well plate (1 x 10° cells
per mL) and incubated for 24 h at 37 °C. After 24 h, the me-
dium was replaced with serum and antibiotic free-DMEM
high glucose and PLNPs (125 ng lipid per mL) were added.
After 1 h, LPS (1 pg mL ™) was added and incubated for 47 h.
At 48 h after PLNP addition, the cell culture supernatant was
collected and cytokines were quantified by ELISA. Briefly,
sample supernatants were pipetted onto a monoclonal anti-
body pre-coated microplate for binding with a specific cyto-
kine. After washing away any unbound substances, an
enzyme-linked polyclonal antibody specific for a cytokine was
added to the wells to sandwich the cytokine which is
immobilized during the first incubation. Following a wash to
remove any unbound antibody-enzyme reagent, a substrate
solution was added to the wells and colour developed in pro-
portion to the amount of cytokines bound in the initial step.
The colour development was stopped by the addition of a
stop solution and the intensity of the colour was measured
by the microplate reader at 450 nm absorbance.

3. Results and discussion
3.1. Characterization of self-filling PLNPs

We prepared four types of PLNPs using an emulsification
technique. The characteristic values of the PLNPs are summa-
rized in Table 1. The size distributions of the four PLNPs are
shown in Fig. 2. The mean diameter of these particles is ap-
proximately 400 nm irrespective of the components. As the
scanning electron microscopic images are shown in Fig. S1,f
the size of each PLNP was almost identical with the result of
dynamic light scattering. Their C-potentials were almost

This journal is © The Royal Society of Chemistry 2017
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Table 1 Characteristics of PLNPs in 10 mM HEPES buffer solution at pH 7.4
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Composition of organic phase Encapsulation
Name efficiency of o
of Particle C-Potential Polydispersity -tocopherol
PLNP PS PC DL-PLA o-Tocopherol size (nm) (mv) index (%)
PC — 1 mg 10 mg — 411 £ 6.75 -1.18 £ 0.11 0.31 £ 0.03 —
PCT — 1 mg 10 mg 0.6 mg 445 + 9.38 -6.9 + 0.23 0.21 + 0.02 82
PS 1 mg — 10 mg — 410 + 4.48 -13.3 £ 1.06 0.24 + 0.01 —
PST 1 mg — 10 mg 0.6 mg 390 +£1.03 -15.4 £ 1.84 0.16 £ 0.01 70

neutral for PC- and PCT-PLNPs and negative for PS- and PST-
PLNPs, indicating the presence of negatively charged PS on
the surface of these PLNPs. The encapsulation efficiency of
o-tocopherol was not quantitative (Table 1), indicating that
degradation of a-tocopherol may take place during the soni-
cation process of the PLNP preparation.

3.2. Uptake of PLNPs by RAW264.7 macrophages

The uptake of PLNPs by the activated RAW264.7 macro-
phages with LPS stimulation was investigated by fluorescence
microscopy. The particles were fluorescently labelled with
DiD. As shown in Fig. 3, strong red DiD fluorescence was ob-
served in PS-containing particles (PS- and PST-PLNPs), indi-
cating the engulfment of these PLNPs.

However, the fluorescence of PC-containing particles (PC-
and PCT-PLNPs) in the macrophages was negligible or low.
This low rate of engulfment in PCT-PLNPs might be related
to the quinone formation of o-tocopherol, which was
reported to be taken up by the macrophages.*® The enhanced
engulfment of the PS-containing particles was mediated via
scavenger receptors and PS-receptors.**° The cellular uptake
of each PLNP was also quantitated by an image-based
cytometer. The percentage of PST-PLNP positive macrophages
was much higher than that of PCT-PLNP positive macro-
phages (Fig. S371).

3.3. Cell survival assay of macrophages incubated with PLNPs

We examined the effect of PLNPs on the ability of the macro-
phages to resist LPS stimulation. As shown in Fig. 4, the via-
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Fig. 2 Size distributions of the prepared PLNPs.
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bility of the macrophages improved in the presence of
o-tocopherol as well as PS (PCT-, PS- and PST-PLNPs). PST-
PLNPs were the most effective at increasing cell viability. The
superiority of PST-PLNPs might result from the synergistic ef-
fect of a-tocopherol and PS, which both confer resistance
against LPS-stimulated cell death.

3.4. Suppression of NO production by activated macrophages

Activated macrophages produce NO, which reacts with
ROS to propagate injury in colitis tissues.® Excess produc-
tion of NO exacerbates the clinicopathological features of
UC by direct cytotoxicity and activation of leukocytes.*® Va-
sodilatation, reduction of smooth muscle tone,*' increased
the production of nitrosamines*” and interaction with
superoxide to form highly toxic peroxynitrite radicals.*®
Thus, the suppression of NO production is important to
prevent the oxidative stress and colitis injury in the colon.
We examined the inhibitory effects of PLNPs on NO pro-
duction from activated macrophages. To enhance NO pro-
duction, the macrophages were stimulated with LPS (1 ng

PLNP Nucleus Merge

PC

PCT

PS

PST

Fig. 3 Uptake of PLNPs by RAW264.7 macrophages. Macrophages
were treated with LPS (1 pg mU™) and PLNPs (125 pg lipid per mL) and
incubated for 3 h at 37 °C. The images were taken with a fluorescence
microscope (blue and red colors represent nuclei and DiD-labelled
particles, respectively).
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Fig. 4 RAW264.7 macrophage viability after LPS stimulation.
Macrophages (1 x 10% cells per well) were seeded in a 96-well plate,
treated with PLNPs (125 ug lipid per ml) and LPS (1 ug ml™) and incu-
bated for 48 h. Absorbance was measured at 450 nm with a microplate
reader at the indicated times. Data are the means * S.D. ns, not signifi-
cant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

ml™") and IFN-y (100 U mL™).*> As shown in Fig. 5, PC-
and PCT-PLNPs had a smaller effect on NO production
whereas, in contrast, significant suppression of NO pro-
duction was observed from PS- and PST-PLNPs treatments.
The greatest effect was induced by PST-PLNPs. A previous
study reported the NO suppressing effects of PS** in acti-
vated peritoneal macrophages. Our findings confirmed that
the combination of PS and a-tocopherol in PST-PLNPs is
synergistic for the reduction of NO production from acti-
vated macrophages.

3.5. Reduction of IL-6 production by activated macrophages

To examine the anti-inflammatory activity of each PLNP, we
measured the production of IL-6, a typical pro-inflammatory
cytokine secreted from macrophages in ulcerative colitis.*’
Inflammatory signalling produced by LPS stimulation in-
creased the production of IL-6 from macrophages through

* % ¥
T . 1
100 —
5 * *kk  Kokk
S 80 - —r—
£ 60 -
g 40 -
S
o 20 -
V4
0 r r '
LPS+IFN-7Y - + + + +
PLNP N - PC PCT PS PST

Fig. 5 Effects of PLNPs (125 pg lipid per ml) on NO production by
RAW264.7 macrophages stimulated with LPS (1 ug ml™) and IFN-y (100
U ml™Y). Data are the means * S.D. ns, not significant; *, p < 0.05; **, p
< 0.01; ***, p < 0.001.
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Fig. 6 Effects of PLNPs (125 pg lipid per ml) on IL-6 production by
macrophages stimulated with LPS (1 ug ml™). Data are means + SD of
three separate experiments. ns, not significant; ***, p < 0.001.

trans-signaling by STAT3.%®
crease IL-6 production.””*®

As shown in Fig. 6, PC-PLNPs had no effect on IL-6 pro-
duction from LPS-activated macrophages. In contrast, signifi-
cant inhibition of IL-6 production was found in PCT-, PS- and
PST-PLNP treatments. The greatest effect on IL-6 production
was observed in the PST-PLNP treatment group. Our results
indicated a clear synergy between PS and o-tocopherol
based on their dominant effect on the reduction of the IL-6
production when compared with PCT- and PS-PLNP
treatments.

o-Tocopherol was reported to de-

3.6. Enhanced TGF-B1 production by activated macrophages

We next assessed the effects of PST-PLNPs on the production
of anti-inflammatory cytokine TGF-B1, a key regulator in the
maintenance of immune and inflammatory responses. TGF-
B1 together with growth factors protects host tissues from lu-
minal changes and can help mucosal healing in inflamma-
tory bowel diseases.’””° Inflammation is inhibited by TGF-

*
I 1
*

= 40 ' ns '
§ mMa< 1
2 30 ns
F '
£ 20
a 10 -
s , [
= 0 - : : ; . ;
LPS . + + + + +
ST PC PCT PS PST

Fig. 7 Effects of PLNPs (125 pg lipid per ml) on TGF-B1 production by
macrophages stimulated with LPS (1 ug mL™). Data are means + SD of
three separate experiments. ns, not significant; *, p < 0.05.
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B1, which acts as a negative regulator of NF-kB activation.”
As shown in Fig. 7, both PS- and PST-PLNPs significantly in-
creased TGF-Bf1 production from the activated macrophages,
whereas PC- and PCT-PLNPs were not effective. Whether
o-tocopherol has an additional effect on the production of
TGF-B1 in the activated macrophages was not clear in this
experiment.

4. Conclusion

Here, we report biodegradable PLNPs containing PS plus
o-tocopherol to decrease oxidative stress and inflammatory
responses induced by activated macrophages. Because of
the incorporation of PS, PLNPs have the potential to refill
the cell surface with PS during the degradation process.
The two components of PLNPs showed a clear synergy re-
garding their anti-inflammatory and antioxidative effects on
the activated macrophages. PST-PLNPs significantly in-
creased the viability of the activated macrophages. Our data
also demonstrated that PST-PLNPs altered the inflammatory
properties of the macrophages by reducing the production
of NO and inflammatory cytokines when stimulated with
LPS. The production of anti-inflammatory cytokines was
also enhanced by PST-PLNPs. The potential anti-
inflammatory and antioxidative effects of PST-PLNPs were
indicated by the inflammatory modulation of the macro-
phages. However, the self-filling characteristics of the parti-
cles might increase the bioavailability of PS and
o-tocopherol in the intestinal Therefore,
o-tocopherol and phosphatidylserine-containing self-filling
biodegradable PLNPs might be potential oral drug delivery
vehicles and effective tools compared with liposomes and
polymeric nanoparticles for the treatment of inflammatory
bowel diseases such as ulcerative colitis.

mucosa.
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