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Purpose: Vitamin D3 is useful for the treatment of peritoneal dialysis (PD)-related perito
neal damage, but its side effects, such as hypercalcemia and vascular calcification, limit its
applicability. Thus, we developed vitamin D-loaded magnetic nanoparticles (MNPs) and
determined their therapeutic efficacy and side effects in vivo.
Materials and Methods: Alginate-modified MNPs were combined with 1α, 25 (OH)2D3 to
generate vitamin D-loaded nanoparticles. The particles were conjugated with an antibody
against peritoneum-glycoprotein M6A (GPM6A). The particles’ ability to target the perito
neum was examined following intraperitoneal administration to mice and by monitoring their
bio-distribution. We also established a PD animal model to determine the therapeutic and
side effects of vitamin D-loaded MNPs in vivo.
Results: Vitamin D-loaded MNPs targeted the peritoneum better than vitamin D3, and had
the same therapeutic effect as vitamin D3 in ameliorating peritoneal fibrosis and functional
deterioration in a PD animal model. Most importantly, the particles reduced the side effects
of vitamin D3, such as hypercalcemia and body weight loss, in mice.
Conclusion: Vitamin D-loaded MNPs could be an ideal future therapeutic option to treat
PD-related peritoneal damage.
Keywords: peritoneal dialysis, nanoparticles, vitamin D, fibrosis

Introduction
Peritoneal dialysis (PD) is an important renal replacement therapy for end-stage
renal disease (ESRD). However, peritoneal injury and technique failure are com
mon PD complications.1–6 Peritoneal injury is mostly attributed to bio-incompatible
dialysate and frequently occurs during PD therapy.2,5,7–10
Nanotechnology research has shown that nanoparticles (NPs) can serve as good
drug carriers. Targeted nano-drug delivery systems (nano-DDS) can deliver drugs
specifically to the target site, ensuring site-specific activity. Nano-DDS can also
prevent drug degradation, thus ensuring a higher drug concentration at the target
site, which in turn may reduce drug dosage.11 This is particularly important for
drugs with a marginal difference between their therapeutic and toxic concentrations,
so that the side effects can be minimized.
It has been shown that vitamin D3 can be used to treat peritoneal damage
induced by PD therapy.3,12 However, its clinical application is limited due to side
effects such as hypercalcemia, hyperphosphatemia, and vascular calcification. To
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overcome the side effects and poor water solubility of
hydrophobic drugs such as vitamin D3, nanomaterials are
commonly used as drug carriers because of their enhanced
accumulation ability at the target region. In our previous
study, we constructed vitamin D-liposomal NPs and exam
ined their therapeutic effects in vitro.13 The results showed
that these NPs were taken up by mesothelial cells and did
not cause cell toxicity as well as provided the same ther
apeutic effect as vitamin D3. However, the therapeutic
effects of these NPs in vivo are still unknown. Therefore,
in this follow-up study, a magnetite (Fe3O4) magnetic
nanoparticle (MNP) was selected as the drug carrier to
fabricate vitamin D-loaded MNPs. The main reasons for
selecting Fe3O4 NP are its safety (an FDA-approved mate
rial for human use) and its ability to conjugate with algi
nate to encapsulate vitamin D3. Then we investigated the
therapeutic effect of vitamin D-loaded MNPs in PD animal
model.

Materials and Methods
Preparation of Vitamin D-Loaded
Magnetic NPs (Vit.D-MNPs)
The alginate-modified magnetic NPs (alg-MNPs) were
prepared as described previously.14 Vitamin D3 was dis
solved in DMSO at a concentration of 5 mg/mL. AlgMNPs (100 µL; Fe concentration: 2.4 μg/μL) were added
to 900 μL acetone and centrifuged at 15,000 rpm for 5
min. After the supernatant was removed, 100 μL vitamin
D3 solution was added and then sonicated until all the
precipitate dissolved in DMSO. Subsequently, 200 μL of
distilled water was added to the resulting solution and
incubated for 5 min at room temperature. Finally, 40 μL
calcium chloride (0.1 M) was added, and the solution was
mixed and incubated for 2 min (Supplementary Figure 1).
The supernatant was collected by magnetic separation, and
the precipitate was redispersed in 800 μL distilled water by
sonication. Vitamin D3 concentration in the supernatant
was measured by high-performance liquid chromatogra
phy (HPLC) to calculate the loading efficiency of vitamin
D3. The precipitate aqueous dispersion was stored at 4 °C
in the dark for further use.

Synthesis of Rhodamine 6G-Loaded
MNPs (R6G-MNPs)
R6G was dissolved in DMSO at a concentration of 1 mM.
Alg-MNPs (100 μL; Fe concentration: 2.4 μg/μL) were
added to 900 μL acetone and centrifuged at 15,000 rpm for
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5 min. After the supernatant was removed, 100 μL R6G
solution was added and sonicated until all the precipitate
(R6G-loaded MNPs) dissolved. The rest of the process
was the same as described above. R6G-loaded MNPs
were stored at 4 °C in the dark until further use.

Nanoparticle (NP) Conjugation with
Glycoprotein M6A Antibody (Ab-Vit.
D-MNPs)
To enhance the uptake of Vit.D-MNPs by the peritoneum,
the NPs were conjugated with a peritoneum-glycoprotein
M6A (GPM6A) antibody. GPM6A antibody (MBL) (10
nmol) was mixed with 1 nmol NPs in 0.5 mL distilled
water; next, 1.5 nmol N-Ethyl-N′-(3-dimethylaminopro
pyl) carbodiimide hydrochloride was added and the mix
ture was incubated for 30 min. The supernatant was
removed, and the precipitate (GPM6A-conjugated MNPs)
was collected by magnetic separation. The precipitate was
redispersed in distilled water and stored at 4 °C for
further use.

General Procedures for the
Quantification of Vitamin D3 Loading
Vitamin-D3 loading was determined using HPLC (Agilent
1260 Infinity system), along with a ZORBAX Eclipse
PAH polymeric C18 bonded column (Agilent); methanol
(J. T. Baker) and water (92: 8% v/v) as the mobile phase.
The other conditions were as follows: flow rate of 2 mL/
min, column temperature of 40 °C, and a variable wave
length detector (VWD) recognition at 280 nm.15
A calibration curve for 1α, 25 (OH)2D3 was constructed
in the concentration range of 0.05–0.5 mg/mL by diluting
1 mg/mL of the standard stock solution in methanol.
The loading efficiency of vitamin D3 was calculated
from the difference between the initial amount of vitamin
D3 (Di) and the total amount of free vitamin D3 in the
supernatant (Ds).
Loading efficiency (%) = (Di-Ds)/Ds × 100%

General Procedure for Determining
Vitamin D3 Release Profile
Vit.D-MNPs (200 μL) were mixed with 300 μL PBS
buffer and incubated for 2 h at room temperature. After
brief centrifugation at 10,000 rpm, the supernatant was
collected by magnetic separation and retained for subse
quent HPLC analysis. PBS buffer (300 μL) was added to
the residue in the original tube and sonicated. The mixture
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was briefly centrifuged, and the supernatant was collected
and used as previously described. After collecting all the
supernatants at 2, 4, 8, 24, 48, and 72 h, the volume was
recorded and the concentration of vitamin D3 was deter
mined by HPLC. The final release profile of vitamin D3
was determined by calculating the cumulative amount of
vitamin D3 released over time.

Transmission Electron Microscopy (TEM)
of Nanoparticles (NPs)
Suspensions of NPs in H2O were mixed with uranyl acet
ate for staining studies. Ten microliters of this solution was
then transferred to a TEM grid (copper grid, 3.0 mm, 200
mesh, coated with Formvar film) and allowed to dry. The
stained grids were analyzed using a JEOL JEM 2100
(Tokyo, Japan) TEM.

Observing Nanoparticles (NPs)
Conjugated with Glycoprotein M6A
Antibody Using an in vivo Imaging System
(IVIS)
All mouse experiments were approved by the Laboratory
Animal Center of the National Cheng Kung University and
were handled according to the “Guide for The Care and

Cheng et al

Use of Laboratory Animals” (NRC, USA 2011). Four- to
six-week-old syngeneic C57BL/6 male mice were ran
domly separated into three groups. A standard diet and
free access to water were provided. To assay NP biodistribution in vivo, R6G-MNPs alone or conjugated with
the GPM6A antibody (R6G-MNPs/Ab-R6G-MNPs) were
injected intraperitoneally (i.p.) once at a volume of 500
μL/mouse. R6G fluorescence was monitored after 6
h using IVIS at a wavelength of 535–580 nm. Mice in
the control group were injected with 500 μL autoclaved
PBS per mouse. The animals were sacrificed after 72
h. Tissues were collected, kept in the dark, and examined
by IVIS to quantify fluorescence. Finally, all tissues were
dissolved by adding nitric acid (HNO3) and hydrochloric
acid (HCl). The amount of Fe in the parietal peritoneum,
mesentery, liver, kidney, and urine were also measured by
an atomic absorption (AA) instrument.

Peritoneal Fibrosis Model: Experimental
Protocol
To investigate the protective effect of Ab-Vit.D-MNPs in
a peritoneal dialysis model, 7–8-week-old C57BL/6 male
mice were used. Peritoneal fibrosis was induced by using
chlorhexidine gluconate (CG) based on a modified procedure

Figure 1 Characterization and size distribution of alginate-modified magnetic nanoparticles (alg-MNPs), vitamin D-loaded MNPs (Vit.D-MNPs), and Ab-Vit.D-MNPs by
transmission electron microscopy (TEM) imaging and differential light scattering (DLS).
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containing
4.25%
glucose
(Dianeal;
Baxter
International, Inc., IL, USA). After 30 min, the perito
neal fluid was collected, and the residual volume was
recorded. Net ultrafiltration was calculated using the
formula: (final dialysate volume - initial dialysate
volume)/initial dialysate volume. Mass transfer of glu
cose (MTG) was calculated using the following formula:
(initial dialysate glucose × initial volume) - (final dialy
sate glucose × final volume).17
Figure 2 Release profile of vitamin D from vitamin D-loaded magnetic nanoparti
cles (Vit.D-MNPs) over 72 hours. From the release profile, the Vit.D-MNPs appear
to release vitamin D in a slow and sustained manner.

of Ishii et al.16 Briefly, mice received i.p. injections of 0.1%
CG in 15% ethanol in normal saline or normal saline alone
(control) at a dose of 12.5 μL/g body weight (BW) every
other day (QOD) for 3 weeks (9 times in total). In the group
receiving CG + vitamin D, mice received QOD IP injections
of CG and daily i.p. injections of vitamin D3 (0.004 μg/g BW)
for a total of 3 weeks. In the group receiving CG + MNPs only,
mice received QOD IP injections of CG and daily i.p. injection
of alg-MNPs without vitamin D3 for a total of 3 weeks. In the
group receiving CG with Ab-Vit.D-MNPs, mice received
QOD IP injections of CG and daily i.p. injection of Vit.
D-MNPs (0.004 μg/g BW of vitamin D3) for a total of 3
weeks (each group n = 6). Finally, a modified peritoneal
equilibration test was performed 21 days after the first i.p.
injection, and a blood sample was obtained via cardiac
puncture.17

Histopathological Examination
The liver peritoneum was fixed overnight in 4% buffered
formaldehyde, processed by standard methods, and stained
with Masson’s trichrome. Liver surfaces were evaluated
using morphometry. The peritoneum thickness was measured
and expressed as the mean ± standard deviation (SD). For
each mouse, the corresponding samples were measured at 10
random sites in a blinded fashion by researchers performing
microscopic analysis employing ocular metrics.

Modified 30-Min Peritoneal Equilibration
Test
To evaluate the peritoneal ultrafiltration rate, mice were
anesthetized (Zoletil 50: Rompun 20 = 1: 2; dose 20 μL/
20 g BW for 1 h; intramuscular injection) and instilled
with 2 mL/20 g BW of commercial dialysis solution
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Statistical Analysis
All data are expressed as the mean ± SD. Statistical sig
nificance was analyzed with a one-way analysis of var
iance (ANOVA) followed by post hoc Bonferroni test.
A significant result was defined as P < 0.05. All statistical
analyses were performed using GraphPad Prism 8.0.
(GraphPad Software, Inc., CA, US).

Results
Characterization of Glycoprotein M6A
Antibody-Vitamin D Nanoparticles
(Ab-Vit.D-MNPs)
We constructed nanocomposites from alg-MNPs, vita
min D3, and fluorescent dye. (Supplementary Figure
2). The real size and hydrodynamic diameters of the algMNPs, Vit.D-MNPs, and Ab-Vit.D-MNPs were deter
mined by TEM and dynamic light scattering (DLS)
(Figure 1), respectively. The real and hydrodynamic
diameters of the alg-MNPs were 7.2 ± 1.1 nm and
~98.2 nm (polydispersity index: 0.31), respectively.
The large hydrodynamic diameter of alg-MNPs was
due to the alginate present on the particle surface. To
fabricate the Vit.D-MNPs, the NP surface alginate was
chelated by Ca2+, and vitamin D was then trapped inside
the NPs. The real and hydrodynamic diameter of the
Vit.D-MNPs was ~7.4 ± 1.3 nm and ~105.1 nm (poly
dispersity index: 0.36), respectively. The change in the
hydrodynamic diameter from 98.2 to 105.1 nm was due
to encapsulation of Vitamin D in alg-MNPs and the
presence of Ca2+ on the particle surface. Finally, the
real and hydrodynamic diameters of Ab-Vit.D-MNPs
were ~7.6 ± 1.2 nm and 168.4 nm (polydispersity
index: 0.40), respectively. The large hydrodynamic dia
meter increase from ~105.1 to ~168.4 nm indicated that
the antibody was conjugated to the particle surface. The
DLS and TEM data showed that Ab-Vit.D-MNPs
formed dispersed and sub-200 nm spherical particles,
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Figure 3 GPM6A antibody conjugated nanoparticles (NPs) allow enhanced peritoneal uptake in vivo. Mice were injected intraperitoneally (i.p.) with R6G-MNPs and Ab-R6G
-MNPs. Using in vivo imaging system (IVIS), an enhanced Ab-R6G-MNPs presence in the peritoneum was seen 6 hours after injection, suggesting enhanced peritoneal uptake
(n ≥ 3) (A and B). 72 hours after injection, mice were sacrificed, and tissue fluorescence measurements showed an increase in the Ab-R6G-MNP group (n ≥ 3) (C and D).
The Fe in the parietal peritoneum and mesentery tissue was significantly increased in the Ab-R6G-MNP group 72 h after injection (n ≥ 6) (E) (Data are represented as the
mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001).

ideal for enhanced permeability and retention.18 The
loading efficiency of Vit.D-MNPs was calculated to be
~95% based on HPLC data (Supplementary Figure 3).

Release Profile of Vitamin D3 from
Nanoparticles (NPs)
To assess the release profile of vitamin D, Vit.D-MNPs
were incubated in sterile PBS and isolated using

International Journal of Nanomedicine 2021:16

a centrifugation-and-magnetic-separation method. At
2-, 4-, 8-, 24-, 48-, and 72-hour time points, each
tube was shortly centrifuged, and the supernatant was
collected by magnetic separation. All supernatants were
analyzed by HPLC to determine the free vitamin D3
concentration (Figure 2). The results showed that 1α,
25 (OH)2D3 was released from NPs in a slow and
sustained manner.
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Figure 4 Ab-Vit.D-MNPs have the same therapeutic effect as vitamin D3 in ameliorating peritoneal fibrosis in a peritoneal dialysis (PD) mouse model. (A and B) Peritoneal
fibrosis in the chlorhexidine gluconate (CG)-exposed group was significantly more severe than that in the saline group. Vitamin D3 significantly ameliorated peritoneal
fibrosis, as visualized by Masson’s trichrome staining. Ab-Vit.D-MNPs have the same therapeutic effect on peritoneal fibrosis as vitamin D (Data are represented as the mean
± SD, n ≥ 3; *P < 0.05, ***P < 0.001).

GPM6A Antibody-Conjugated
Nanoparticles (NPs) Reach Specific
Peritoneum Target in vivo
Mice were injected i.p. with 500 µL R6G-MNPs and AbR6G-MNPs. The IVIS spectrum showed an enhanced
peritoneal particle presence in the Ab-R6G-MNP group 6
h after injection, suggesting a peritoneum-targeting effect
(Figure 3A and B) (n = 3 in each group). Mice were
sacrificed 72 h after injection. Tissue fluorescence at that
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time point showed that this enhancement was still sus
tained (Figure 3C and D). Figure 3E showed that the Fe
in the parietal peritoneum and mesentery tissue was sig
nificantly increased in the Ab-R6G-MNP group 72 h after
injection (n ≥ 6 in each group). The spot urine (bladder
puncture) Fe content 72 h after injection showed nanopar
ticles

are

mainly

excreted

through

the

kidneys

(Supplementary Figure 4). Besides, there was no renal or
liver toxicity (Supplementary Figures 5 and 6).
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Figure 5 Ab-Vit.D-MNPs have the same therapeutic effect as vitamin D3 in ameliorating peritoneal functional deterioration in a peritoneal dialysis (PD) mouse model. (A)
The ultrafiltration rate in the chlorhexidine gluconate (CG)-exposed group was significantly lower than that in the saline group; vitamin D3 corrected the CG-induced
ultrafiltration decrease. The same therapeutic effect was observed in the Ab-Vit.D-MNP group. (B) The glucose mass transport also indicated that Ab-Vit.D-MNPs
ameliorated the CG-induced increase in peritoneal permeability in the same way as vitamin D. (Data are represented as the mean ± SD, n ≥ 3; *P < 0.05, **P < 0.01, ***P <
0.001).

Ab-Vit.D-MNPs Have the Same
Therapeutic Effect as Vitamin D3 in
Ameliorating Peritoneal Fibrosis in a PD
Animal Model
Using the PD mouse model, we investigated the effect of
Ab-Vit.D-MNPs on the structural deterioration of the peri
toneal membrane (Figure 4A and B). Peritoneal fibrosis
was significantly more severe in the CG-exposed group
than in the saline group. Intraperitoneal administration of
vitamin D3 significantly ameliorated the peritoneal fibro
sis, as visualized by Masson’s trichrome stain. The results
showed that Ab-Vit.D-MNPs had the same therapeutic
effect on peritoneal fibrosis as vitamin D.

Ab-Vit.D-MNPs Have the Same
Therapeutic Effect as Vitamin D3 in
Ameliorating Peritoneal Functional
Deterioration in a PD Animal Model
To investigate the peritoneum function, a modified perito
neal equilibration test was performed. The ultrafiltration
rate in the CG-exposed group was significantly lower than
that in the saline group; vitamin D3 reduced the CGinduced ultrafiltration decrease. Ab-Vit.D-MNPs showed
the same therapeutic effect (Figure 5A). The mass

International Journal of Nanomedicine 2021:16

transport of glucose also indicated that Ab-Vit.D-MNPs
could ameliorate the CG-induced increase in peritoneal
permeability, similar to vitamin D3 (Figure 5B).

Ab-Vit.D-MNPs Ameliorate the Side
Effects of Vitamin D3 in a PD Mouse
Model
Vitamin D3 therapy is known to cause hypercalcemia and
hyperphosphatemia, especially after overdose. We investi
gated the effect of Ab-Vit.D-MNPs on serum calcium and
phosphate levels. The results showed that in the vitamin
D3 group, serum calcium levels were significantly higher
than those in the other groups; however, hypercalcemia
was not detected in the Ab-Vit.D-MNP groups (Figure
6A). In the vitamin D3 group, serum phosphate levels
were significantly lower than those in the other groups
(Figure 6B). Further, we found poor food intake and sig
nificantly decreased BW in the vitamin D3 treatment
group, but not in the Ab-Vit.D-MNP group (Figure 6C).
A decrease in activity was also noted in the vitamin D3
treatment group but not in the Ab-Vit.D-MNP group.

Discussion
The therapeutic effects of vitamin D3 in PD-related peri
toneal damage have been well established both in vitro and
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Figure 6 Ab-Vit.D-MNPs can ameliorate the side effects of vitamin D3 therapy in a peritoneal dialysis (PD) mouse model. (A) In the vitamin D3 group, serum calcium levels
were significantly higher than those in the other groups; however, there was no hypercalcemia in the Ab-Vit.D-MNP group. (B) Serum phosphate levels were significantly
lower in the vitamin D3 treatment group than in the Ab-Vit.D-MNP group. (C) Body weight (BW) was significantly decreased in the vitamin D3 treatment group but not in
the Ab-Vit.D-MNP group. (Data are represented as the mean ± SD, n ≥ 3; *P < 0.05, **P < 0.01, ***P < 0.001).

in vivo.3 However, using 1α, 25 (OH)2D3 to treat perito
neal damage requires supra-physiological doses that
induce side effects including hypercalcemia and
hyperphosphatemia,3,19 limiting its clinical utility. In our
previous study, we found that Ab-Vit.D-MNPs had the
same therapeutic effect as vitamin D3 in vitro.13
Therefore, in this study, we investigated its therapeutic
effect in vivo. The results showed that Vit.D-MNPs con
jugated with an antibody against GPM6A, a peritoneal
marker, enhanced peritoneum targeting. It showed the
same therapeutic effect as vitamin D3 in ameliorating
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peritoneal fibrosis and peritoneal functional deterioration
in our PD mouse model. Most importantly, it reduced the
side effects of vitamin D3 overdosage, including hypercal
cemia and BW loss.
In our study, we showed that these NPs are stable,
biocompatible, and safe. One important reason for select
ing alg-MNPs to deliver vitamin D3 is that alginate and
Fe3O4 are FDA-approved biomaterials for human use. Our
previous study and this study all showed that alg-MNPs
are mainly excreted through the kidneys.20 This indicated
that alg-MNPs did not accumulate in the organs causing
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super-oxidation and damage. This characteristic is very
important when considering the possible clinical applica
tions of our NPs.21
Another important consideration is the occurrence of
BW loss after supra-physiological doses of vitamin D3,
possibly due to hypercalcemia, which causes nausea, poor
food intake, and weakness.22 We believe that the hypopho
sphatemia in the vitamin D3 treatment group was also due
to nausea and poor food intake.
This study has some limitations. First, in our PD
animal model, we used CG as a chemical irritant, not
dialysate, to induce peritoneal fibrosis and functional
deterioration. At the same time, our mice were not ure
mic and the effect of uremic toxins on the peritoneum
could not be measured. The CG model of peritoneal
damage is simple and easy to use; however, it does not
fully represent PD fluid installation.23 It should be noted
that results obtained in CG mice may not translate to
those obtained in PD fluid-installation mice; in the latter,
the peritoneum changes are more subtle and may follow
different patterns. However, previous studies have sug
gested that it is a feasible model for studying peritoneal
damage.24−26 Second, we only checked serum calcium
and phosphate levels, but we did not generate aortic
calcium and phosphate content data that would provide
another evidence for vitamin D side effects.

Conclusion
Our study showed that Ab-Vit.D-MNPs delivered vitamin
D3 specifically to the peritoneum and decreased the side
effects of supra-physiological doses of vitamin D3. These
results suggest that vitamin D3 nano-DDS may be an ideal
therapeutic option to treat PD-related peritoneal damage in
future.
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6G magnetic nanoparticles; Ab-Vit.D-MNPs, glycopro
tein M6A, and vitamin D3 magnetic nanoparticles; BD,
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glycoprotein M6A; HD, hemodialysis; HPLC, highperformance liquid chromatography; IVIS, in vivo ima
ging system; MNPs, magnetic nanoparticles; Nano-DDS,
nano-drug delivery system; NPs, nanoparticles; PD,
peritoneal dialysis; R6G, rhodamine 6G; Vit.D-MNPs,
vitamin D3 magnetic nanoparticles.
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