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Purpose: Vitamin D is a novel potential therapeutic agent for peritoneal dialysis (PD)-
related peritoneal fibrosis, but it can induce hypercalcemia and vascular calcification, which
limits its applicability. In this study, we create nanotechnology-based drug delivery systems
to investigate its therapeutics and side effects.

Materials and methods: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino-
(DSPE-PEG) and L-a-phosphatidylcholine (PC), which
packages with 10,25(OH),D;, were used to construct vitamin D nanoliposomes. To

(polyethylene glycol)2000]

confirm the function and safety of vitamin D nanoliposomes, peritoneal mesothelial
cells were treated with TGF-B1
D nanoliposomes. Antibodies (Ab) against the peritoneum-glycoprotein M6A (GPM6A)

and the reverse was attempted using vitamin

Ab were conjugated with vitamin D nanoliposomes. These particles were implanted into
mice by intraperitoneal injection and the animals were monitored for the distribution and
side effects induced by vitamin D.

Results: Vitamin D nanoliposomes were taken up by the mesothelial cells over time without
cell toxicity and it also provided the same therapeutic effect in vitro. In vivo study,
fluorescent imaging showed vitamin D nanoliposomes allow specific peritoneum target effect
and also ameliorate vitamin D side effect.

Conclusion: Nanoliposomes vitamin D delivery systems for the prevention of PD-related
peritoneal damage may be a potential clinical strategy in the future.

Keywords: peritoneal dialysis, nanoliposome, vitamin D, fibrosis

Introduction

Peritoneal dialysis (PD) is a type of renal replacement therapy.'* The most
important limitation of PD therapy is that patients may shift to hemodialysis
(HD) involuntarily due to technique failure after several years.” ' This technique
failure is mostly attributed to peritoneal damage, and it has become an important
issue in PD therapy.®%-''*

Conventional PD dialysate is bio-incompatible and is characterized by hyperto-
nicity, high glucose, an acidic PH, and containing lactate and glucose degradation
products (GDPs). These characteristics will induce pathological changes in the
peritoneum, including the induction of the epithelial-to-mesenchymal transition
(EMT) of mesothelial cells (MCs).">'® Subsequently, the peritoneal membrane
suffers from structural and functional changes, including fibrosis and neoangiogen-
esis. Finally, peritoneal membrane failure occurs.'®!7-!%-2
Our study as well as other previous studies have found that vitamin D is

a potential therapy for PD-related peritoneal damage.”' >* However, the clinical
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application of vitamin D is limited by its side effects
including hypercalcemia, hyperphosphatemia, and vascu-
lar calcification.

Recently, developments in nanotechnology have shown
that nanoparticles are an ideal drug carrier. In nano drug
delivery systems (nano-DDSs), the drug is transported
specifically to the target location, thereby allowing drug
action only on the target organ and minimizing undesirable
side effects. In addition, nano-DDS protects the drug from
degradation, resulting in a higher drug concentration in the
target area, resulting in lower dosages of the drug being
required.?® This type of therapy is particularly important if
there is only a marginal difference in concentration
between a therapeutic dosage and a toxic dosage.

Therefore, this study investigated the application of
vitamin D nano-DDS against peritoneal fibrosis.

Materials and Methods
Synthesis of Vitamin D3-Loaded

Nanoliposomes

L-a-Phosphatidylcholine (PC) (Sigma; 2.0 mg) and vitamin
D (10,25(0OH),D;) (Enzo Life Sciences; 1.0 mg) were dis-
solved in 5.0 mL dichloromethane (DCM) (Sigma).”® This
was then stirred for 2 mins and 0.2 mg of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino-(polyethylene
glycol)2000] (DSPE-PEG) (Nanocs Inc.) was added. This
solution was then stirred for 5 mins to ensure thorough mix-
ing. The solvent was then evaporated into a thin and uniform
lipid-drug film with the help of a rotary evaporator.”” After
thorough drying with a vacuum pump, the lipid-drug film was
hydrated with 1.0 mL H,O and sonicated for 1 min in a water-
bath sonicator, then transferred into a new 1.5-mL tube at 60°
C for 2 hrs. Finally, the solutions were purified and filtered by
using a dialysis membrane (500-1000 Daltons molecular
weight cutoff (MWCO)) (Spectrum) overnight at room tem-
perature on a stir plate. The vitamin D-loaded nanoliposomes
(vit. D-NPs) were stored at 4°C for further use.

Synthesis of Rhodamine 6G

(R6G)-Loaded Nanoliposomes

100 puL of R6G stock (0.1 mM) and 2.0 mg of PC were
dissolved in 5.0 mL DCM and stirred for 2 mins. Next,
0.2 mg of DSPE-PEG was stirred in for 5 mins to ensure
thorough mixing. The following procedures were identical
to those described previously. Nanoliposomes were stored
at 4°C and away from light for further use.

Nanoliposomes Conjugate with
Glycoprotein M6A (GPM6A) Antibody

The amount of antibody used was the
of DSPE-PEG, and the
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (EDC) (Sigma) and N-hydroxysuccinimide
(NHS) (Sigma) used was 1.5 times that of the antibody
used. Therefore, 1.5 nmole each of EDC and NHS were
added into the solution of nanoliposomes and mixed with

same€ as

the amount amount of

a gentle vortex before being incubated at 4°C. After 30
mins, 1 nmole of glycoprotein M6A (GPM6A) antibody
(MBL International) was added to the reaction mixture for
at least 4 hrs at 4°C.

General Procedures for the
Quantification of Vitamin D Loading
(HPLC)
(Agilent 1260 Infinity system) was used to analyze vitamin
D using a ZORBAX Eclipse PAH polymeric C18 bonded
column (Agilent) with methanol (J.T.Baker) and water

High-performance liquid chromatography

(92:8% v/v) as the mobile phase. The conditions were
a flow rate of 2 mL/min, a column temperature of 40°C,
and a variable wavelength detector (VWD) detection of
280 nm.?® A calibration curve was plotted in the concen-
tration range of 0.01-1 mg/mL for la, 25(OH),D; by
diluting 1mg/mL standard stock solution in methanol.

General Procedure for Determining the
Vitamin D Release Profile

One
D3-loaded nanoliposomes was sealed in a dialysis mem-
brane (MWCO 500-1000 Daltons). The dialysis bags were
incubated in 50.0 mL water at 37°C with gentle shaking.

hundred microliters of concentrated vitamin

A 100 pL portion of the aliquot was collected from the
dialysis bags at predetermined time intervals, and the
released drug was quantified using HPLC.?’

Determination of the size distribution of nanolipo-
somes was by dynamic light scattering (DLS).

The mean particle size (hydrodynamic diameter) of the
nanoliposomes was measured via the DLS method using
a Zetasizer Nano 2590 (Malvern, UK).

Transmission Electron Microscopy (TEM)

of Nanoliposomes
Ten microliter suspensions of nanoliposomes in H,O were
measured using uranyl acetate negative staining. Ten
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microliters of this solution were then transferred to a TEM
grid (copper grid, 3.0 mm, 200 mesh, coated with Formvar
film) together with a drop of uranyl acetate (2% water
solution) for 1 min, and allowed to dry. Analysis of the
stained grids was performed with a JEOL JEM 2100
(Tokyo, Japan) TEM.

Human Primary Mesothelial Cells
Omentum-derived MCs were obtained from non-uremic
patients undergoing abdominal surgery. The omentum
samples were digested in 0.05% trypsin and 0.02%
EDTA to isolate MCs.'®*° All MCs isolated from the
omentum were then incubated in culture medium consist-
ing of M199 (Gibco) medium supplemented with 10%
fetal bovine serum (FBS) (Biological Industries), insulin-
transferrin-selenium-sodium pyruvate (ITS-A) (Gibco),
100 pug/mL of streptomycin (MDBio, Inc.), 63.6 ug/mL
(Sigma) of penicillin G, and 250 ng/mL of Fungizone
(MDBio, Inc.).**

Cell Viability Assay

For the cell viability assay, 1x10* primary peritoneal MCs
per well (200 pL) in M199/DMEM medium (Gibco) with
10% FBS were seeded in a 96-well plate and allowed to
attach overnight in a 5% CO, incubator at 37°C. Cells
were starved for 24 hrs by replacing the medium with 1%
FBS M199/serum-free Dulbecco’s modified eagle medium
(DMEM), then treated with 200 pL of either free vitamin
D or vit. D-NPs at different concentrations (L: 0.5, M: 1,
H: 2 puM) and incubated for 24 hrs in 5% CO, at 37°C.
After 24 hrs, the medium from all wells was aspirated and
210 pL XTT (Biotium) reagents from mixing 25 pL acti-
vation reagents with 5 mL XTT solution to derive acti-
vated XTT solution in 10 mL serum-free M199/DMEM
was added to each well. After incubation for 4 hrs in an
incubator, the absorbance of the orange-colored product,
2,3-bis(2-methoxy-4-nitro-
mino)carbonyl]-2H-tetrazolium hydroxide, was measured

5-sulfophenyl)-5-[(phenyla-

with a spectrophotometer at a wavelength of 450-500 nm,
and the background absorbance at a wavelength between
630-690 nm.

Cellular Uptake Assay

To investigate the cellular uptake of nanoliposomes,
human peritoneal mesothelial cell line (HMrSVS5 cells)
(ATCC) were treated with R6G-loaded nanoliposomes.

The Effect on the Epithelial-Mesenchymal

Transition Process

To investigate the effects of vit. D-NPs on the MC EMT
process, omentum-derived MCs were treated with 1 ng/mL
human recombinant transforming growth factor-p1 (TGF-
B1) (PeproTech) in culture medium to induce EMT of MC,
as previous study.?**° At the same time, we also treated
omentum-derived MCs with la, 25(OH),D5 only or vit.
D-NPs. The epithelial marker E-cadherin (mouse anti-
E-cadherin, diluted 1:500; BD Bioscience) and the
mesenchymal marker Snail (rabbit anti-Snail; diluted
1:2000; Cell Signaling Technology Inc.) were identified
to monitor the EMT process of MCs.>'*? Each of the
primary antibody blots were incubated with Goat anti-
Mouse IgG (H+L) Secondary Antibody and HRP conju-
gate alkaline phosphatase-conjugated secondary antibody
(Pierce) at a dilution ratio of 1:5000, or Goat anti-Rabbit
IgG (H+L) Antibody and HRP conjugate (KPL) at
a dilution ratio of 1:5000 detected using enhanced chemi-
luminescence (ECL) (Millipore).

Nanoliposomes Conjugate with
Glycoprotein M6A Antibody Observed
Using Xenogen IVIS Spectrum
Noninvasive Quantitative Molecular
Imaging System

All in vivo mice experiments were approved by the
Laboratory Animal Center of the National Cheng Kung
University. Throughout the experiment, mice were handled
according to the principles of animal care in experimenta-
tion “Guide for The Care and Use of Laboratory Animals”
(NRC, USA 2011). The 4-6-week-old syngeneic C57BL/6
male mice were randomly separated into three groups. The
diet of mice was standard diet and also free access to
water. To assay the bio-distribution of nanoliposomes in
mice, R6G-loaded nanoliposomes, which were conjugated
with or without the GPM6A antibody (R6G-NPs/Ab-R6G-
NPs), were injected into the abdominal cavity by intraper-
itoneal (i.p.) injection and the fluorescence of R6G was
detected using an in vivo imaging system (IVIS). R6G-
NPs and Ab-R6G-NPs were administered by i.p. injection
once into the three groups of mice at a volume of 300 uL/
mouse. The fluorescence of R6G was detected at
a wavelength of 535-580 nm using an in vivo imaging
system (IVIS) after 24, 48, and 72 hrs. The control group
for the three mice was injected with 300 pL/mouse
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autoclaved PBS, which was served as the vehicle control.
Mice were euthanized after 72 hrs. The parietal perito-
neum and mesentery were soaked in PBS overnight away
from light then investigated by IVIS to confirm the
fluorescence.

Intraperitoneal Vitamin D Injection Model

Experimental Protocol

The 4-6-week-old C57BL/6 male mice were separated
randomly into four groups and were injected i.p. with
autoclaved PBS (5 pL/g body weight (BW)), vitamin D,
vit D-NPs, and Ab-vit. D-NPs (0.002 pg/g BW of vitamin
D3) once daily for three consecutive weeks. Terminal
blood samples (500~800 pL/mouse) were collected via
end of the
treatment.’>>** All animals were euthanized by cervical

cardiac puncture at the three-week
dislocation immediately after blood was collected. The

aorta was then removed by dissection.

Statistical Analysis

All data were expressed as mean + S.D. and statistical
significance was analyzed with a one-way analysis of
variance. A significant result was defined as P < 0.05.

Ethics Statement

This study was approved by the ethics committee/institu-
tional review board of E-Da Hospital, and written
informed consent was obtained from all patients (IRB
number: EMRP18100N).

Results
Synthesis and Characterization of Vitamin

D3 Nanoliposomes

A series of material amounts of vitamin D were tested, and
incubation temperatures and purified methods were analyzed
to find the maximum quantity of encapsulated 1a,25(OH),
Dj; in the nanoliposomes (Table 1). The most suitable incu-
bation temperature to form nanoliposomes and develop sta-
bility and loading efficiency depended on the proportion of
materials. Hence, we constructed nanoliposomes from vita-
min D3 or R6G, fluorescence dye, and PC and DSPE-PEG
in a 5:10:1 weight ratio using a solvent evaporation-lipid-
film hydration-extrusion method (Supplementary
Figure 1).>> The shape, size, and morphology of the vit.
D-NPs were determined by TEM (Figure 1A). The hydro-
dynamic diameter of the vit. D-NPs was evaluated by DLS
which is the primary technique for determining the

Table | Construct Test Conditions of Vit D-NPs

Vitamin | Incubation Loading Purification
D (mg) Temperature | Efficiency
Q) (%)

0.5 37 0 Centrifuge 60 mins
| 37 25 Centrifuge 60 mins
0.5 60 16 Centrifuge 60 mins
| 60 10 Centrifuge 60 mins
| 60 4 Centrifuge 35 mins
| 60 27 Centrifuge 60 min
| 60 31 Dialysis 3 times

(2 hrs interval)
| 60 32 Dialysis 2 times

(2 hrs interval)
| 60 34 Dialysis overnight

Notes: A series of conditions were tested while constructing nanoparticles. The
greatest efficiency was achieved by incubating nanoparticles at 60°C overnight using
the dialysis method to purify. Loading efficiency (%) = 100 x (total drug—drug in
supernatant)/(total drug).

hydrodynamic diameter of nanoliposomes in solution,
which was found to be 250-300 nm (Figure 1B). From the
DLS and TEM data it is clear that vit. D-NPs formed mono-
dispersed, sub-200 nm spherical particles which are ideal for
enhanced permeability and retention action.?’

Release Kinetic Profile of Vitamin D from

Nanoliposomes

To assess the release profile of the encapsulated vitamin D,
a dialysis method was used to detect the automatically
diffused vit D-NPs at 37°C.>> The Vit D-NPs were incu-
bated in a 500-1000 Daltons MWCO dialysis membrane
to ensure that only free 1a, 25(OH),D3 penetrated out of
the dialysis tube. The kinetic release of vit D-NPs through
nanoliposomes in the dialysis tube and sterile ultra-pure
water in the outer chamber was evaluated. In our data, vit.
D-NPs reveal a sustained release profile of over 72 hrs
(Figure 2). These data show that the vitamin D3 released
from nanoliposomes can follow both passive diffusion and
slow release in a sustained manner.

In vitro Cytotoxicity and Cellular Uptake

of Nanoliposomes

A cell viability assay was executed to determine the
efficacy of vit. D-NPs in vitro. Cell viability was quan-
tified at 24 hrs post-incubation by the XTT assay. It was
expected that the in vitro study of vitamin D and the
materials of nanoliposomes would be non-cytotoxic,

submit your manuscript

9668

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com/get_supplementary_file.php?f=215717.docx
http://www.dovepress.com/get_supplementary_file.php?f=215717.docx
http://www.dovepress.com
http://www.dovepress.com

Dove

Lee et al

301 R6G-NPs ~346 nm

204

Number (%)

s

01 T ¥
0.1

Size (nm)

R6G-vit. D-NPs ~359nm

Number (%)
2

01 i 10 100

Size (nm)

w1 Ab-vit, D-NPs~386nm

Number (%)

01 i 10 100
Size (nm)

1000

Number (%)

Number (%)

304

2
2

104

01
01

0

0.1

Vit. D-NPs ~334 nm

. . . S E—
1 10 100 1000

Size (nm)
Ab-R6G-NPs ~393nm
H 10 100 ) 1000
Size (nm)

Figure | Characterization of vit. D-NPs and size distribution by transmission electron microscope (TEM) and differential light scattering (DLS). (A) TEM images show that
vit. D-NPs are spherical in shape and sub-200 nm in size. (B) Hydrodynamic diameters of all liposome formulations were measured by DLS.
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Figure 2 Release profile from vit. D-NPs over 72 hrs. From the release profile, the
vit. D-NPs appear to release vitamin D in a slow and sustained manner.
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Figure 3 The cell viability assay of primary mesothelial cells treated with different
concentrations of vit. D-NPs as analyzed via an XTT assay. Primary human perito-
neal mesothelial cells were incubated with PBS, free vitamin D, or vit. D-NPs at
different concentrations (L: 0.5, M: |, H: 2uM). The XTT assay shows that the
vitamin D nano-DDS were non-toxic to primary human peritoneal MCs. Data are
represented as means + SD (mean + SD, n=6; **P<0.01, ***P<0.001, compared with
the control group).

whereas the vit D-NPs might induce cell proliferation in
a time-dependent manner (Figure 3). NPs are uptaken
into cells via endocytosis.>®>® To evaluate time depen-
dency in the cellular uptake of nanoliposomes, vit.
D-NPs were constructed which contain R6G (R6G-vit.
D-NPs) which deliver fluorescence to display the inter-
action between the nanoliposomes and cells. As time
progressed, the red fluorescence intensity enhanced as
uptake increased in the cells (Figure 4). This result
reaffirms that the materials used to construct nanolipo-
somes displayed non-toxicity and biocompatibility for

cells and could be uptaken by cells over time.

B 120
S 1004
X
N’
3 80
<
‘a 60
=
= 40
Q

20

1 23 456 7 8 9 102030405060

Time (minutes)

Figure 4 Cellular uptake of R6G-vit D-NPs by mesothelial cells. (A) Cellular
uptake study of R6G-vit D-NPs treated with mesothelial cells (HMrSV5). The
treated cells were harvested at different time-points and cellular uptake was
monitored by fluorescence microscopy (red fluorescence). (B) The percentage of
mesothelial cells which uptake R6G-vit. D-NPs (mean * SD, n=6).

Vit. D-NPs Can Debilitate the TGF-

B1-Induced EMT in vitro

Primary human MCs were incubated with TGF-B1 in the
presence or absence of vitamin D and vit. D-NPs to com-
pare the therapeutic effects of vit. D-NPs with vitamin
D. The Western blot analysis substantiates that vit. D-NPs
have the same therapeutic effect as vitamin D. Vit D-NPs
can significantly inhibit the TGF-B1-induced upregulation
of a-SMA and the downregulation of E-cadherin (Figure 5).
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Figure 5 Vitamin D3-encapsulated nanoparticles inhibit the TGF-Bl-induced epithelial-to-mesenchymal transition (EMT) of mesothelial cells (MCs) in vitro. (A) The
Western blot analysis showed that la, 25(OH),D; (107 mol/L)-encapsulated nanoparticles had the same effect as the inhibited TGF-B1-induced EMT process of MCs. (B)
Normalized data of protein levels of E-cadherin and Snail. (mean % SD, n23; **P<0.01, ***P<0.001, compared with the control group; *P<0.05, *P<0.01, compared with the

TGF- B group).

Ab-R6G-NPs, Antibody Conjugated
Nanoliposomes Allow Specific Tissue

Fluorescent Imaging in vivo

Mice were injected i.p. with nanoliposomes conjugated
with or without a GPM6A antibody (300 pL, R6G,
0.1 mM/100 pL) (n=3 in each group). In the IVIS data,
fluorescence was quantified within the specific abdominal
cavity non-invasively at time points from 24 to 72 hrs after
injection. Peritoneal fluorescence was observed in all mice
but was seen significantly 72 hrs after injection in the Ab-
R6G-NPs group, suggesting tissue-specificity (Figure 6).

Ab-Vit. D-NPs Can Ameliorate the Side

Effects of Vitamin D

In Figure 7A, la, 25(OH),D3; and vit. D-NPs induced
significant hypercalcemia, but the Ab-vit. D-NPs group
only displayed mild hypercalcemia. However, there is no
significant difference in the serum phosphate content of
the different groups (Figure 7B). Aortic calcium and phos-
phate deposition in the mice models were also evaluated.
The values of aortic calcium were too low to be detected,
and aortic phosphorus showed a trend though no signifi-
cant difference of Ab-vit. D-NPs alleviating the aortic
phosphate deposition (Figure 7C).

Discussion

The anti-fibrotic effects of 1a, 25(OH),D; in PD-related
peritoneal damage have been well reported both in vitro
and in vivo.? However, using la, 25(0OH),D; to treat
peritoneal damage requires supra-physiological doses

which will induce some side effects such as hypercalce-
mia, hyperphosphatemia, and vascular calcification.** This
limits the clinical application of this type of therapy. In
this study, it was found that Ab-vit. D-NPs are a potential
therapy for future treatment. The results show that vit.
D-NPs have the same effect in inhibiting the EMT process
in vitro. In addition, the vit. D-NP was conjugated with an
antibody against GPMO6A, a peritoneal marker, to obtain
Ab-vit. D-NPs, which possessed enhanced peritoneal tar-
geting. Importantly, it can reduce the vitamin D side
effects, including hypercalcemia in vivo.

DSPE-PEG nanoliposomes
a promising delivery system to enhance the therapeutic
potential of lo, 25(OH),D;. The liposome structure can
encapsulate and carry compounds with poor water solubility
to assemble in the layer of DSPE. The PEG shell decreases
clearance via the reticuloendothelial system (RES).>*** The

were manufactured as

DSPE-PEG-liposomal nanoliposomes were constructed
which can package la, 25(0OH),D; as a delivery system
with a size of sub-200 nm. These nanoliposomes like stealth
liposomes have a stable formulation, good biocompatibility,
and good safety. Another important reason that we
use liposome system to deliver vitamin D3 to treat disease
is due to that liposome is a U.S. FDA-approved biomaterial
for human body. Our goal is to extend our study to clinical
applications in future, so the used materials are very impor-
tant. Thus, using U.S. FDA-approved biomaterials is a good
choice. Previously, several studies have investigated differ-
ent delivery vehicles for la, 25(OH),D;. Ramalho et al
proved that Poly(lactic-co-glycolic acid) (PLGA) nanolipo-
somes as a platform for lo, 25(OH),D; will enhance
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Figure 6 Ab-R6G-NPs displayed enhanced peritoneal targeting. C57BL/6 mice received intraperitoneal (i.p.) injection with nanoparticles conjugated with or without GPM6A
antibody (R6G-NPs/Ab-R6G-NPs). Mice received i.p. instillation of PBS as a control group. Parietal peritoneum and mesentery samples were taken 72 hrs after the first i.p. injection.
(A) In vivo imaging system (IVIS) show that Ré6G fluorescence was observed in all mice in the Ab-R6G-NPs group significantly after 72 hrs of injection. (B) Normalized radiant
efficiency of R6G fluorescence of panel (A). (C) Parietal peritoneum and mesentery show RéG fluorescence after 72 hrs of injection. (D) Normalized radiant efficiency of R6G
fluorescence of panel (C). (Data are represented as mean % SD, n23; ¥P<0.01, compared with the control group; *P<0.05, **P<0.01, compared with the control group; **P<0.01,
compared with the R6G-NPs group).
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Figure 7 Effect of vit. D-NPs and Ab-vit. D-NPs on serum calcium, phosphate, and aortic phosphate content. C57BL/6 mice received intraperitoneal (i.p.) injection daily of
la, 25(0OH),D;, vit. D-NPs, and Ab-vit. D-NPs (0.002 pg/g BW of vitamin D3) (n=3 in each group). Mice received daily i.p. instillation of phosphate-buffered saline (PBS) in
the control group. Blood samples and aorta tissue samples were taken after 21 days. (A) In the Ab-vit. D-NPs group, the hypercalcemia side effect was significantly lower
than the vitamin D group. (B) No significant difference was found in the serum phosphate of the different groups. (C) The aortic phosphorus content showed a trend,
though no significant difference of Ab-vit. D-NPs alleviating aortic phosphate deposition. (Data are represented as mean * SD, n=3; **P<0.01, **P<0.001, compared with

the control group; *#P<0.001, compared with the vitamin D group).

bioavailability by avoiding drug degradation before
administration.*' Almouazen et al reported that, based on
the chemical structure of la, 25(OH),Ds, polymeric NPs
encapsulate vitamin D and have a moderate loading effi-
ciency and rapid release profile compared to others.**
However, liposomes are able to deliver hydrophilic and
hydrophobic drugs within the aqueous core and lipid bilayer
membranes and have an advantage in the encapsulation of
hydrophobic molecules. In addition, liposomes were the
first nanomedicine to be clinically approved and marketed,
and therefore are a large portion of the clinical stage
nanomedicines.** 1o, 25(OH),D; exhibits antifibrotic activ-
ity only in supra-physiological doses associated with a high
risk of hypercalcemia, hyperphosphatemia, and vascular
calcification. These risks suggest that 1a, 25(OH),D; treat-
ment should be focused on specific cell targeting and sus-
taining the effective concentration by encapsulating the
nanoliposomes.

One interesting finding is that in cell viability assay, the
results showed nanoliposomes alone induced in increased
proliferation (Figure 3). Thereafter, future studies should
be carried out to investigate the mechanism. But in our
other study result, the data showed control NPs do not
attenuate TGF-beta effects (Supplementary Figure 2).

Nonetheless, this study has some limitations. Firstly,
the mean la, 25(OH),D; loading efficiency in nanolipo-
somes is only 25-30% which is not an economical method
as a potential delivery system for clinical use. Secondly,
although vit. D-NPs followed slow release in a sustained
manner from the release profile, release was still too quick

causing free vitamin D to enter systemic circulation. This

result may be the reason that Ab-vit. D-NPs display a mild
hypercalcemic activity. Therefore, future studies should be
carried out to improve the loading efficiency and stability
of the NPs, evaluate the alleviation of hypercalcemia, and
further the anti-fibrotic activities of the Ab-vit. D-NPs
in vivo.

Collectively, these findings show that Ab-vit. D-NPs
deliver vitamin D to the peritoneum and can alleviate
supra-physiological doses of vitamin D therapy-related
side effects in mice. These results suggest that vitamin
D nano-DDS could be a potential therapeutic option for
PD-related peritoneal damage in the future.

Abbreviations

Ab-R6G-NPs, glycoprotein M6A antibody-rhodamine 6G
nanoliposomes; Ab-vit. D-NPs, glycoprotein M6A anti-
body-vitamin D nanoliposomes; DCM, dichloromethane;
DLS, dynamic light scattering; DMEM, Dulbecco’s mod-
ified eagle medium; DSPE-PEG,
glycero-3-phosphoethanolamine-N-[amino-(polyethylene

1,2-distearoyl-sn-

glycol)2000]; EMT, epithelial-to-mesenchymal transi-
tion; GDPs, glucose degradation products; GPM6A, gly-
HPLC, high-
performance liquid chromatography; IVIS, in vivo ima-

coprotein M6A; HD, hemodialysis;

ging system; MCs, mesothelial cells; MWCO, molecular
weight cut off; Nano-DDS, nano drug delivery system;
NP, nanoliposomes; PD, peritoneal dialysis; PC,; L-a-
phosphatidylcholine; PLGA, poly(lactic-co-glycolic
acid); R6G, rhodamine 6G; R6G-vit D-NP, rhodamine
6G-vitamin D nanoliposomes; RES, reticuloendothelial
system; Vit D-NP, vitamin D nanoliposomes.
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