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ABSTRACT: Atherosclerosis, a leading cause of mortality worldwide, involves
various subsets of macrophages that contribute to its initiation and progression.
Current treatment approaches focus on systemic, long-term administration of
cholesterol-lowering antioxidants such as statins and certain vitamins, which
unfortunately come with prolonged side effects. To overcome these drawbacks,
a mannose-containing magnetic nanoparticle (NP) is introduced as a drug
delivery system to specifically target macrophages in vitro using simvastatin or
niacin and a combinational therapy approach that reduces local inflammation
while avoiding unwanted side effects. The synthesized NPs exhibited
superparamagnetic behavior, neutrally charged thin coating with a hydro-
dynamic size of 77.23 ± 13.90 nm, and a metallic core ranging from 15 to 25
nm. Efficient loading of niacin (87.21%) and simvastatin (75.36%) on the NPs
was achieved at respective weights of 20.13 and 5.03 (w/w). In the presence of
a mannan hydrolyzing enzyme, 79.51% of simvastatin and 67.23% of niacin were released from the NPs within 90 min, with a
leakage rate below 19.22%. Additionally, the coated NPs showed no destructive effect on J774A macrophages up to a concentration
of 200 μg/mL. Simvastatin-loaded NPs exhibited a minimal increase in IL-6 expression. The low dosage of simvastatin decreased
both IL-6 and ARG1 expressions, while niacin and combined simvastatin/niacin increased the level of ARG1 expression significantly.
Toxicity evaluations on human umbilical vein endothelial cells and murine liver cells revealed that free simvastatin administration
caused significant toxicity, whereas the encapsulated forms of simvastatin, niacin, and a combination of simvastatin/niacin at
equivalent concentrations exhibited no significant toxicity. Hence, the controlled release of the encapsulated form of simvastatin and
niacin resulted in the effective modulation of macrophage polarization. The delivery system showed suitability for targeting
macrophages to atherosclerotic plaque.

1. INTRODUCTION
Atherosclerosis is one of the leading causes of coronary artery
disease, which is considered as one of the most societal
healthcare challenges in recent decades.1 Atherosclerosis is a
chronic inflammatory process in which immune cells react
with metabolic risk factors, resulting in initiating, spreading,
and activating lesions in large- and medium-sized arteries. Clot
formation by the atherosclerotic plaque causes tissue
infarction, unstable angina, and many sudden deaths, all of
which are termed acute coronary syndromes. Macrophages
play a very special role in the development and progression of
atherosclerosis. Activation of atherosclerosis-associated macro-
phages (AAM) causes endothelial disruption, rupture of blood
vessels, and subsequently infarction.2 Accordingly, many
treatments have been identified and introduced to reduce
the complications of atherosclerosis and delay or prevent
infarction. Prevention and treatment of atherosclerosis is
mainly focused on reducing the burden of atherosclerotic
plaques and the stability of vulnerable plaques by inhibiting
activated cells such as macrophages and T lymphocytes,
inhibiting smooth muscle cell proliferation and platelet
formation.3−5 Therapeutic approaches can be divided into

four categories, which include anti-inflammatory, antithrom-
botic, antiproliferative, and immunosuppressive drugs. The
statin family with anti-inflammatory and cholesterol-lowering
activity,6 sirolimus/rapamycin with immunosuppressant prop-
erty and inhibition of smooth muscle cell migration, paclitaxel,
and actinomycin D with inhibitory effects on smooth muscle
cell migration and proliferation, zetarolimus and orolimus with
inhibitory effects on smooth muscle cell proliferation and T
lymphocytes, tacrolimus with suppressive effects on the
immune system, and dexamethasone with anti-inflammatory
properties are the most used medicines for atherosclerosis.7

Among the common drugs that are prescribed for patients
with atherosclerosis, statins and niacin can be named. In
addition to regulating cholesterol synthesis, statins also have
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beneficial effects on cardiovascular disease through regulating
anti-inflammatory/pro-inflammatory responses. Interestingly,
statin-mediated inhibition of the mevalonate pathway exerts
specific induction of IL-1 family pro-inflammatory cytokines
through direct maturation (IL-1β and IL-18) and indirect (IL-
1α) using caspase-1.8−10 On the other hand, simvastatin,
atorvastatin, fluvastatin, and pravastatin have been shown to
reduce IL-6 production by 53, 50, 64, and 60% of coculture of
vascular smooth muscle cells with mononuclear human cells,
respectively. While these findings pointed to the anti-
inflammatory effect of statin drugs on macrophages, they
also linked statins to inflammasome formation and diabe-
tes.11,12 It is shown that simvastatin increases ox-LDL-induced
macrophage autophagy and reduces fat accumulation which
could be a potential target of simvastatin in plaque
stabilization.13 In general, statins reduce plaque size through
decreasing the macrophage population by preventing intima
penetration by monocytes in human and mouse models.
Hence, macrophage accumulation in atherosclerotic plaques
decreases. However, reduced proliferation and thus reduced
macrophage population are observed only in response to a
decrease in serum LDL cholesterol and lipid content in rat
and human aortic carotid artery plaques. These results suggest
that macrophage proliferation as a determinant of athero-
sclerosis progression and is an attractive target for plaque
regression in the prevention and treatment of atheroscle-
rosis.14

Niacin plays a role in creating and enhancing anti-
inflammatory immune responses in humans and animal
models.15 The beneficial effects of niacin on plasma lipids
and lipoproteins were first described in the 1950s.16

According to a meta-analysis of 30 randomized controlled
trials, niacin potentially reduced 15−30% of triglycerides
(TG) and increased 10−25% of HDL (HDL-C) cholesterol,
while it only slightly decreased total plasma cholesterol (TC).
These results indicated that niacin has a protective effect
against the progression of atherosclerosis.17

Niacin was later found to work mainly by lowering non-
HDL cholesterol and moderately increasing HDL, resulting in
greater anti-inflammatory effects and, subsequently, preven-
tion of atherosclerotic plaque development, which may be of
clinical importance. Having said so, both statins and niacin
treatment regiments include systemic long-term treatment and
have side effects such as muscle breakdown, liver problems,
stomach ulcers, myopathy, as well as blood sugar elevation
and diabetes.18 Therefore, selective targeting of plaque
macrophages may provide a means to reduce local
inflammation and avoid unwanted side effects of therapy. In
recent years, several advantages such as cost-effectiveness,
optimized bioavailability, drug concentration balance, reduced
side effects with controlled release, and improved stability and
solubility of hydrophobic drugs have led many scientists to the
use of drug delivery systems. Despite intensive efforts in the
targeted treatment of cardiovascular diseases with the help of
drug delivery nanosystems, only a few positive outcomes have
been achieved.19,20 Magnetic nanoparticles (NPs) are
considered as one of the attractive nanostructures in clinical
applications due to their bifunctional ability in diagnosis
(contrast agent) and drug delivery systems.21,22 Moreover, the
“magnetic drug delivery” helps out the effective elevation of
drug payloads in the target site, at the same time diminishing
their systemic toxicity in thrombosis, cardiac ischemia, and
several cancer models.23−25

Specific targeting of macrophages can be optimized using
cellular receptors, among which lectin receptors can be
named. Lectin receptors function in energy supply, innate
immune system identification, endocytosis, and many other
activities.26 Several lectin receptors have been proposed for
the diagnosis and treatment of various diseases such as cancer
and atherosclerosis, including complement receptor 3,
galactose, and mannose receptors. So far, several mannose-
binding lectins like (CD206 and CD280/MRC2) Collagen
Endo180 have been proposed in connection with the
diagnosis and treatment of a variety of diseases.27−29 Due to
the presence of cytokines such as IL-4, the activated state of
macrophages, and the high expression of mannose receptors in
the atherosclerotic plaque region,30 these receptors can be
promising in the specific targeting of activated macrophages in
atherosclerotic arteries.
Until now, several subsets of macrophages are discovered,

of which the two main subsets are M1 and M2.31 Both subsets
of macrophages are known to play a role in different stages of
the development of atherosclerosis plaque.32 Accordingly, the
M2 subset of macrophages has a protective role against the
atherosclerosis progression, while M1 macrophages have a
critical role in the enlargement and progression of
atherosclerotic lesions.5,33 Therefore, one may expect that
shifting M1 to M2 macrophages would be one of the
hallmarks of plaque stabilization and prevent progression of
the diseases.34

Targeted delivery to macrophages have been focused on the
CD40 molecule which has diverse stimulatory function.35 First
attempt was reported using a pH-sensitive polymer micelle-
targeted mannose receptor (CD206) for siRNA transfer.36

Also, some glycosylated micelles have been used to block
macrophage receptors MSR1 and CD36 and hence reduce
oxLDL uptake and accumulation.37,38 A delivery system of
polyethylene (amidoamine) dendrimer (PAMAM) with PEG-
coated anhydride has been designed for targeting folic acid
receptor-expressing macrophages in vitro.39 A dextran sulfate-
coated HDL delivery system was used to transport
atorvastatin to atherosclerotic associated macrophages due to
the high affinity to scavenger receptor class AI (SR-AI), to
reduce ox-LDL uptake, and induce cholesterol efflux.40 A new
CD44-targeted hyaluronan (HA) nanostructure containing
atorvastatin was shown significant anti-inflammatory effects on
macrophages compared with free atorvastatin in vitro and also
decrease inflammation of apolipoprotein (ApoE) E-deficient
mouse model harboring advanced plaque using magnetic
resonance imaging.41 Herein, due to the limited studies on the
targeted carriers with the ability of codelivery of common
medications to inflammatory cells, we studied mannan NPs
loaded with simvastatin and/or niacin, which are currently in
use as free drugs, to evaluate specific targeting of macrophages
and the potential of future use of the simvastatin/niacin-
loaded magnetic NPs (simvastatin/niacin-loaded MN-MNPs)
in atherosclerotic plaque macrophages.

2. MATERIALS AND METHODS
2.1. Materials. Iron(III) chloride hexahydrate, iron(II)

chloride tetrahydrate, and liquid ammonia (analytical grade)
were purchased from Merck (Merck Inc., NJ, USA). Locust
bean gum from Ceratonia siliqua seeds, niacin, simvastatin, and
MTT ([3−4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) without further treatments. Dulbecco′s modified Eagle′s
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medium (DMEM), DMEM/HamsF12, trypsin, penicillin/
streptomycin, and fetal bovine serum (FBS) were obtained
from Gibco (Gaithersburg, USA). The J774A cell line and
human umbilical vein endothelial cell (HUVEC) line were
obtained from the Pasteur Institute of Iran (Tehran, Iran).
2.2. MN-MNP Synthesis and Characterization. One-

spot synthesis of mannan-coated magnetic NPs (MN-MNPs)
was performed according to the former procedure with some
modifications.42 The initial mixture was composed of 100 mL
of distilled water containing 2.0 g of FeCl2·4H2O and 5.2 g of
FeCl3·6H2O, with 1200 rpm stirring, at 90 °C under N2
protection. After adding 50 mL of mannan solution (2.0 g/L),
ammonium hydroxide (30%) was added dropwise within 15
min to crystallize the magnetic NPs until the pH reached up
to 10.0. In the following procedure, the mixture was incubated
at the same temperature for an additional 45 min, followed by
cooling with ice-cold water. Finally, the MN-MNPs were
separated from the solution with the help of the 0.6 T
permanent external magnet, rinsed with 50 mL of water three
times, and dried in a vacuum oven at 70 °C.
The crystalline properties and phase identification were

recorded on an X-ray diffractometer (Bruker, D8ADVANCE,
Germany). The diffractogram was obtained by using Cu−Kα
radiation in the range 10° < 2θ° < 90°. The magnetic
behavior was investigated on random assembly of particles at
room temperature with a maximum applied field of 10 kOe
and a sensitivity of 10−3 emu by a vibrating sample
magnetometer (VSM, Dexing, Model: 250). Mannan grafting
was approved by a Fourier transform infrared (FT-IR)
spectrometer (Thermo Fisher Scientific Inc.) in a frequency
interval of 4000−400 cm−1. The morphology and size of dried
NPs were observed by Transmission Electron Microscopy
(JEOL-JEM 1200EX, Japan) operated with an 80 kV
microscope. For this purpose, 500 μL of sample dispersion
with a concentration of 1 mg/mL was prepared; then, a drop
of it was fixed onto carbon support on copper grids (200
meshes), and the grid surface was air-dried at room
temperature for TEM imaging. The mean hydrodynamic
size and polydispersity index were characterized through
dynamic light scattering (DLS) experiments using 0.1% w/v
ethylene glycol NP dispersions (HORIBA SZ-100, Japan).
The ζ potentials of the synthesized NPs were also measured
in PBS buffer by using a HORIBA SZ-100.
2.3. Drug Loading and Release. The simvastatin and

niacin stock solutions were prepared in methanol and PBS
with final concentrations of 5 and 20 mg/mL, respectively. To
prepare simvastatin, niacin, and simvastatin/niacin-loaded
magnetic NPs through the adsorption process, 10 mg of
MN-MNPs was dispersed for 10 min. Then, 5 mL of niacin (1
mg/mL, PBS buffer solution, pH ∼ 7.4) was added to NPs
and rotated for 16 h at 4 °C. On the next day, the NPs were
then washed twice with PBS, and simvastatin was added
sequentially to the PBS solution with a final concentration of
50 μg/mL at the same above condition. Finally, the unbound
niacin and simvastatin were calculated using a standard curve
obtained from high-performance liquid chromatography
(HPLC). The drug loading was calculated as follows

= · ×%Drug loading content
Cl Vl
MNPs

100
(1)

In this equation, Cl and Vl are defined as loaded drug
concentration and volume, while MNPs come from the mass
of MN-MNPs.

The encapsulation efficiency of MN-MNPs is as follows.
The Drug@MN-MNPs were collected with an external
magnet, and then 10 mL of methanol solutions was added
to the mixture with a vortex for 10 min to completely dissolve
entrapped simvastatin, niacin, or both. The drug content was
determined by monitoring the concentration through a λmax of
273 nm. The drug encapsulation efficiency is calculated as
follows

=

×

Encapsulation efficiency (%) (drug initial

weight (mg) unloaded drug in the aqueous

phase (mg))/(drug initial weight (mg)) 100 (2)

The in vitro release study of MN-MNPs, simva@MN-
MNPs (S@MN-MNPs), niacin@MN-MNPs (N@MN-
MNPs), and simvastatin/niacin@MN-MNPs (S + N@MN-
MNPs) was carried out at 37 °C under 30 rpm rotating
conditions in the dark. Initially, 10 mg of drug-loaded MNPs
(containing 2 mg niacin and 0.5 mg simvastatin) was
dispersed in 10 mL of PBS, pH ∼ 8.0 containing 1 mg/mL
BSA as the most abundant protein in the bloodstream. Then,
0.02 U of mannanase was added separately to the solution.
After the appropriate time, NPs were collected by an external
magnet, and 500 μL aqueous solutions were collected. The
released drug was finally calculated using UV-HPLC, a
previously used method, with small modifications.43 The
simvastatin and niacin standard solutions were prepared by
dissolving them in absolute ethanol and water in final
concentrations of 10 mg/mL. The serial dilution was further
done by dissolving drugs in HPLC grade water at the range of
6.25−250 μg/mL for simvastatin and niacin 12.5−800 μg/
mL. The C18 column was applied for detection of aqueous
solution containing simvastatin/niacin. 30 μL of each sample
was injected onto a pre-equilibrated column with a mobile
phase consisting of methanol:water (80:20, v/v, AZURA
column, 150 × 4.6 mm, Germany) at a flow rate of 1 mL/min
for 10 min. The UV detector was set at a wavelength of 237
nm for both simvastatin and niacin.
2.4. Cell Isolation and Culture. Murine macrophage cell

line, J774A, and HUVECs were grown in Dulbecco’s modified
Eagle’s medium (DMEM) and DMEM/HamsF12 medium
containing 10% FBS and 1% penicillin/streptomycin,
respectively. As described by Shen et al. and Charni-Natan
et al.44,45 for isolation of hepatic cells, mice of 10 weeks of age
were anesthetized with 100 μL of ketamine (120 mg/kg) and
xylazine (18 mg/kg). Then, the perfusion was started from
hepatic vena cava with a peristaltic pump (a flow rate of 5
mL/min) for 15 min with perfusion solution (Hank’s buffer
containing EDTA 0.5 mM without calcium and magnesium).
After infiltration of blood, digestion buffer (Hank’s buffer with
calcium and magnesium and 1 mg/mL collagenase I and IV)
was added with a slower flow rate (3 mL/min) for 30 min.
After that, the hepatic tissue was transferred to a sterile plate
and cut into smaller pieces to isolate the primary cells. The
supernatant containing cells were centrifuged at 200g for 10
min at 4 °C. Finally, mice hepatic cells were cultured in low-
glucose DMEM for further analysis.
Cell toxicity was determined with the help of the MTT

assay. For this purpose, a total number of 1.5 × 104, 3.0 × 104,
and 3.0 × 104 of HUVECs, J774A, and normal murine
hepatocyte cells were seeded into 96-well cell culture plates in
the above-mentioned culture conditions overnight at 37.0 °C
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under a humidified atmosphere of 5% CO2. The cytotoxicity
of simvastatin, niacin, MN-MNPs, S@MN-MNPs, N@MN-
MNPs, and S + N@MN-MNPs was investigated at different
concentrations for 24 and 48 h. Then, cells were washed twice

with PBS and incubated in a fresh medium containing 10 μL
of the MTT solution (5.0 mg/mL of cell culture medium),
and plates were wrapped with aluminum foil for further
incubation at 37.0° for 4 h C. After that, the culture medium

Figure 1. (a) Synthesis and physicochemical characteristic procedure of MN-MNPs. (b) IR spectrum and (c) XRD diagram of MN and MN-
MNPs. (d) TEM image and (e) hydrodynamic size of MN-MNPs using dynamic light scattering. (f) Magnetic behavior of the MN-MNPs.
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was removed, and the formazan crystals were dissolved in
100% DMSO. The absorbance was measured at 570 nm using
a Tecan infinite-200 M Pro colorimeter (Tecan Co.,
Switzerland). The surviving percentage was calculated using
the following formula

= ×Viability (%)
sample absorbance

negative control absorbance
100

(3)

2.5. Macrophage Stimulation, RNA Extraction, and
Real-Time PCR Analysis. Macrophages were treated, for 24
and 48 h, with LPS (100 ng/mL, Sigma-Aldrich, St. Louis,
Missouri, USA) and IFN-γ (50 μg/mL, Biolegend) to
generate the M1 subset and IL-4 (75 μg/mL, Biolegend,
San Diego, California, USA) to generate the M2 subset.
Macrophages were seeded in six-well plates, allowed to adhere
overnight, and treated with indicated concentrations of LPS/
IFN-γ and IL-4, and then expression levels of IL-6 and ARG-1
were monitored in the following procedure. After optimizing
the M1/M2 treatment conditions, the cells were also treated
with different concentrations of simvastatin, niacin, simvasta-
tin/niacin, and also MN-MNPs, S@MN-MNPs, N@MN-
MNPs, and S + N@MN-MNPs for 24 and 48 h. Then, total
RNA extractions were performed (RNA extraction kit, Parstus
Co., Iran) from 2 × 106 of J774A cells that were treated with
simvastatin, niacin, simvastatin/niacin, and also MN-MNPs,
S@MN-MNPs, N@MN-MNPs, and S + N@MN-MNPs at 24
and 48 h time points. Afterward, the reverse transcription
procedure was done using an RT reagent kit and oligo-dT
primers by the provider’s instructions (SMOBio Inc., Taiwan).
The sequences of primers are as follows: ARG1 (F. primer: 5′-
AAGACAGGGCTCCTTTCAGG-3′ and R. primer: 5′-
AGCAAGCCAAGGTTAAAGCC-′); IL-6 (F. primer: 5′-
TCTGCAAGAGACTTCCATCCA-3′ and R. primer: AGA-
CAGGTCTGTTGGGAGTG-3′); and β-actin (F. primer: 5′-
CCAGGGTGTGATGGTGGGAATG-3′ and R. primer: 5′-
TGTAGAAGGTGTGGTGCCAGATC-3′). Real-time PCR
was performed with the help of the SYBR Green master
mix (Amplicon, lnc, Denmark). The reaction mixture
contained 1.5 μL of cDNA, 4 pmol of forward and reverse
primers, and 12.5 μL of SYBR Premix, in RNase-free H2O.
The thermal cycling process was then accomplished using the
Applied Biosystems (ABI) Step One Plus (Applied Biosystems
Step One, USA). The cycling program is set as follows: initial
denaturation at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s,

and extension at 72 °C for 45 s. At the end of each reaction,
the melting curve analysis from 60 to 95 °C in 0.3 °C
increments at 5 s/step was carried out. The comparative Ct
method (2ΔΔCt method) was applied to acquire the range of
IL-6 and ARG-1 mRNA levels normalized to that of the β-
Actin housekeeping gene, and the relative expression of
mRNA was evaluated.
2.6. Flow Cytometry. To investigate the apoptosis/

necrosis induced by simvastatin, niacin, simvastatin/niacin,
and also MN-MNPs, S@MN-MNPs, N@MN-MNPs, and S +
N@MN-MNPs, cells were stained with Annexin-V-PE and 7-
AAD after treatment according to the manufacturer’s
procedure (Biolegend Ltd., USA). Then, the cells were
analyzed on a BD FACS Calibur Flow Cytometer (BD
Bioscience Ltd., USA), with postprocessing in FlowJo (Tree
Star Inc., USA). For each condition, 10,000 events were
enumerated and gated on forward and side scatters to select
intact single cells.
2.7. Statistical Analysis. The results from triplicate MTT

and real-Time PCR experiments were averaged and statisti-
cally analyzed using mean ± standard deviation, non-
parametric t-test (Mann−Whitney), nonparametric one-way
ANOVA (Kruskal−Wallis), and a p-value less than 0.05 was
considered statistically significant.

3. RESULTS
3.1. NP Characterization. MN-MNPs were synthesized

using a one-pot synthesis procedure via in situ coprecipitation
of Fe3+/Fe2+ ions in the presence of ammonium solutions and
mannan as the capping polymer. In this manner, a collection
of magnetite NPs entrapped in the mannan polymer were
generated (Figure 1a). The presence of polysaccharides within
the synthesized NPs was characterized by FT-IR spectroscopy.
The FT-IR spectra of mannan polymer (MN) and mannan
polymer-coated MNP (MN-MNPs) are shown in 400−4000
cm−1 wavenumber (see Figure 1b). Accordingly, the unique
peak in the MN-MNP sample at 586 cm−1 shows the
tetrahedral sites of the Fe−O bonds. The broad band at
3300−3500 cm−1 is related to −OH stretching vibration of
both mannan polymer and MNPs. The mannan capping
polymer is characterized through a 945 cm−1 peak
(antisymmetric glycoside υa (C−O−C)) and 1029, 1157,
and 1654 cm−1 peaks (coupled υ (C−C/C−O) stretch
vibration), which obviously can be seen in both MN and MN-
MNP samples.46 Moreover, two peaks in 2922 and 2861 cm−1

Figure 2. Release profile of (a) simvastatin and (b) niacin upon treatment of 0.02 U of mannanase onto the niacin@MN-MNPs in the presence
and absence of the mannanase degrading enzyme. The experiment was repeated three times and represented as mean ± STDEV. The PBS
solution, pH 7.4, was chosen as an untreated control condition.
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refer to the C−H group in the MN polymer that is hardly
detected in MN-MNP samples.
The XRD patterns of MN-MNPs are also presented in

Figure 1c. Six characteristic peaks at 2θ = 30.15, 35.60, 43.05,
54.55, 57.50, and 63.45° were observed that correspond to the
diffractions of 220, 311, 400, 422, 511, and 440° crystal faces
of the Fe3O4 spinel structure.
According to TEM analysis (see Figure 1d), the MN-MNPs

exhibited a spherical shape with an inorganic core size of 15−

25 nm and no detectable coating layer around which shows
the small thickness of the mannan polymer shell. As illustrated
in Figure 1e, the hydrodynamic size analysis was found to be
77.23 ± 13.90 nm, which is larger than the reported mannan-
coated MNPs with 46.2 nm size.28 The total net charge of the
MNPs and MN-MNPs showed the relative shifts of ζ
potential from negative (−30.1 ± 4.84 mV) to neutral
(−4.24 ± 3.96 mV), which indeed proved the presence of
mannan as a capping polymer on MN-MNPs.

Figure 3. Toxicity analysis of (a) simvastatin and (b) niacin along with different concentrations of free niacin coupled with (c) 16.80 μg/mL and
(d) 8.40 μg/mL of simvastatin on the J774A cell line at 24, 48, and 72 h. (e) Cellular toxicity of MN-MNPs at 24, 48, and 72 h of
postincubation. All experiments were performed in three independent replicates, and the significance of changes was achieved using the one-way
ANOVA (Kruskal−Wallis) method is defined as follows: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), and **** (P ≤ 0.0001).
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VSM research revealed that superparamagnetic NPs have
been formed by MN-MNPs (Figure 1f). This is due to the
sigmoid shape of the magnetic diagram reaching zero

magnetic field. It was also determined that the magnetism
of bare NPs is 60.01 emu cm−3, and the mannan coating
decreased the saturation level to 53.96 emu cm−3.

Figure 4. Macrophage polarization state with stimulus activation signals of IL-6 and ARG-1 expression levels. *** (P ≤ 0.001) and **** (P ≤
0.0001).

Figure 5. IL-6 and ARG1 expression levels after M1 stimulation with free and loaded MN-MNPs containing simvastatin, niacin, and simvastatin/
niacin at (a,b) 24 and (c,d) 48 h postincubation. Significance of changes of the three independent replications was performed using one-way
ANOVA (Kruskal−Wallis) method and is defined as follows: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), and **** (P ≤ 0.0001).
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3.2. Drug Loading and Release. The adsorption method
was used to load the drugs onto NPs (Figure 2). The loading
efficiency of drug absorption in the aqueous medium was up
to 41.42 ± 0.8% (w/w) by adding NPs to a solution
containing 2.0 mg/mL niacin. As simvastatin is poorly soluble
in water and fails to load in water/methanol, the drug was
gradually added to the PBS solution containing NPs. The
simvastatin loading efficiency was calculated to be 75.36 ±
5.34 and 87.21 ± 3.7% (w/w) in N@MN-MNPs and MN-
MNPs when using 6.0 mg/mL of simvastatin, respectively.
The final loading capacity was estimated to be 20.11 ± 1.75%
and 4.7 ± 0.3% (w/w) while using both niacin and
simvastatin, respectively.
The simvastatin and niacin release kinetics was evaluated by

the mannanase enzyme as a model enzyme substitute for
lysosomal β-mannosidase with the help of simvastatin and
niacin standard curves and distinct retention times (Figure
S1). According to Figure 2a,b, the release rate of simvastatin
and niacin in the presence of 0.02 mg/mL mannanase enzyme
reached its maximum peak in 60 and 90 min, which was 67.23
and 79.51%, respectively. The unwanted diffusion rate
(without using enzyme) was estimated to reach up to 19.22
and 14.38% after 90 min.
3.3. Toxicity Assessment. The cytotoxicity of niacin,

simvastatin, niacin/simvastatin, and also MN-MNPs was
tested against J774A murine macrophages, and the results
are presented in Figure 3. As illustrated in Figure 3a, the
cytotoxicity trend of free simvastatin on macrophage cells was
time dependent with a safe borderline up to 33.75 μg/mL for
72 h. The niacin treatment showed different trends on murine
macrophages, which displayed growth in concentrations up to
625 μg/mL at 24 and 48 h of post-treatment (see Figure 3b).
The safe borderline of niacin treatment is expected to be up to
1250 μg/mL. The cell toxicity evaluation in the presence of
constant concentrations of simvastatin and different concen-
trations of niacin indicates that up to a constant concentration
of 8.4 μg/mL (equal to 20 μM) simvastatin and niacin, up to
1250 μg/mL is relatively safe for cellular treatment (see Figure
3c,d). Additionally, J774A cellular incubation of the MN-
MNPs at concentrations below 200 μg/mL was relatively safe
for treatment up to 72 h (Figure 3e).
3.4. J774A Polarization and Treatment. The polar-

ization of J774A was determined using the fold change
expression of interleukin 6 (IL-6) and arginase 1 (ARG1)
genes as M1 and M2 biomarkers against beta−actin,
respectively. As illustrated in Figure 4, the optimal
concentrations of LPS, IFN-γ, and IL-4 for M1 and M2
macrophage polarization were 100.0 ng/mL, 50.0 μg/mL, and
5.0 μg/mL, respectively. The expression levels of M1 (IL-6)
and M2 (ARG1) marker genes were assessed on M1
prestimulated J774A cells after 24 and 48 h of post-treatment
with different concentrations of simvastatin (0.2−2.0 μg/mL),
niacin (2.0 μg/mL), and simvastatin/niacin (0.2−2.0/2.0 μg/
mL) and also S@MN-MNPs (0.2−2.0 μg/mL), N@MN-
MNPs (2.0 μg/mL), and S + N@MN-MNPs (0.2−2.0/2.0
μg/mL) (see Figure 5). According to Figure 5a, treatment of
polarized M1 cells with 0.2 μg/mL of simvastatin had a
significant inhibitory effect (P = 0.028) on the expression
levels of both M1 and M2 markers. Treatment of the cells
with moderate concentration of simvastatin (0.4 μg/mL) led
to shift of the M1 to M2 subset (p = 0.028). The effect of
simvastatin at high concentrations (0.8 and 2.0 μg/mL) led to
a significantly higher expression of IL-6 (P = 0.004 and 0.028)

and thus created more M1-polarized macrophage subset.47

Also, as shown in Figure 5b, after 48 h of the treatment, the
stimulation trend of cells was similar to that of the 24 h
treatment, except that the expression of IL-6 was far higher
than 24 h in moderate and high simvastatin concentrations (p
= 0.028 and 0.014).
Also, according to Figure 5a,b, 24 h of free niacin

administration on M1 macrophages showed a significant
shift of M1 to M2 subset (P = 0.028), but over time, IL-6
induction led to mixed population of M1/M2 (P > 0.05). The
effect of S@MN-MNPs on the M1 subset after 24 and 48 h of
incubation showed a reduced IL-6 expression compared to
simvastatin. Even the use of concentrations as low as 0.2 μg/
mL of simvastatin reduced the expression of both IL-6 and
ARG1 up to 48 h, which may indicate the formation of a
mixed M1/M2 population. Moderate doses of S@MN-MNPs
(0.4 μg/mL) showed a slightly increasing trend of M2
biomarkers, albeit the long-term exposure effects have led the
population to retain the M1 polarization. S@MN-MNP
treatment in high concentrations (0.8−2.0 μg/mL) displayed
a significant increase in the expression of the ARG1 gene (M2
biomarker, P = 0.028), which was enhanced after 48 h of
treatment. Similar to free treatment of simvastatin, the IL-6-
stimulated expression of S@MN-MNP showed a time-
dependent trend and led to generate the M1/M2 macrophage
subsets; nevertheless, ARG1 gene expression in the S@MN-
MNP was far higher than that of free simvastatin
administration.
The effect of N@MN-MNPs at 24 and 48 h of incubation is

also shown in Figure 5a,b. The effect of N@MN-MNPs on
the M1-induced macrophage reduced IL-6 expression and
significantly increased ARG1 (P = 0.028) after 48 h post-
treatment. Similar to free treatment of niacin, the ARG1 levels
were elevated slowly up to 48 h. Also, the cotreatment of
simvastatin/niacin on M1-stimulated macrophage cells for 24
and 48 h was evaluated. Therefore, the administration of the
maximum safe concentration of niacin along with different
concentrations of simvastatin at low and moderate concen-
trations (0.2 and 0.4 μg/mL, P = 0.028 and 0.004)
successfully induced M1 to M2 subsets at 24 and 48 h
post-treatment. By increasing the concentration of simvastatin
to 2.0 μg/mL, this process increased the expression of IL-6,
resulting in mixed M1 and M2 populations both 24 and 48 h
post-treatments. Moreover, treatment of cells with simvasta-
tin/niacin caused a significant induction of ARG1 (P = 0.028)
in a time-dependent manner process.
The effect of S + N@MN-MNPs at 24 and 48 h incubation

times is also shown in Figure 5c,d. Short-term administration
of S + N@MN-MNPs at 0.2 μg/mL of simvastatin showed a
temporary elevation of IL-6 expression that is probably due to
the presence of mannan NPs. Treatment of high concen-
trations of simvastatin/niacin and S + N@MN-MNPs on IL-6
expression displayed a concentration- and time-dependent
manner. This means that the use of concentrations higher
than 0.4 μg/mL of simvastatin produced a mixture of M1/M2
subsets of macrophages, and this process was associated with a
severe increase in IL-6 expression in the M1 subset when
using 2.0 μg/mL simvastatin (P = 0.028). The expression of
the ARG1 gene in S + N@MN-MNPs showed a decreasing
trend with increasing simvastatin concentration over time.
Therefore, we concluded that the appropriate concentration
for the treatment of both free and encapsulated forms was 0.4
and with 2.0 μg/mL simvastatin and niacin, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06389
ACS Omega 2024, 9, 658−674

665

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06389/suppl_file/ao3c06389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06389/suppl_file/ao3c06389_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The effect of simvastatin, niacin, and simvastatin/niacin as
well as S@MN-MNPs, N@MN-MNPs, and S + N@MN-
MNPs on M2-stimulated J774A macrophage was also
investigated. As shown in Figure 6a, treatment of M2
macrophages with different concentrations of simvastatin
(0.2−2.0 μg/mL) showed that at low and moderate
concentrations of simvastatin (0.2 and 0.4 μM), a slight but
nonsignificant suppression effect was detected on M2 marker,
ARG1, and gene expression (P > 0.05). The decreasing trend
in the expression levels of the M1 biomarker, IL-6, at low
concentrations (0.2 and 0.4 μg/mL) was seen, although the
significant induction of IL-6 was detected when using high
simvastatin concentrations (0.8 and 2.0 μg/mL, P = 0.028),
which reflect the inflammatory subset shift in M2 macrophage
populations. Long time exposure to low concentrations of
simvastatin (0.2 and 0.4 μg/mL) exhibited a similar inhibitory
trend on both M1 and M2 biomarkers. Remarkably, similar to

24 h post-treatment, a significant shift from of M2 to M1
subset was detected at high concentrations (P = 0.028). It
should be mentioned that the expression level of both markers
was higher in 48 h under the influence of high concentrations
of simvastatin, which indicates the fact that the response of
M2 cells to simvastatin treatment happens a time-dependent
manner, especially for ARG1 gene expression.
Also, according to Figure 6a,b, the effect of free treatment

of niacin on the M2-polarized macrophage demonstrated that
after 24 h of treatment, macrophages significantly shifted into
the M2 subset (P = 0.028), and this trend lasted to the end of
the experiment at 48 h (P = 0.028). S@MN-MNPs in 24 h
incubation with the M2-polarized macrophage significantly
increased IL-6 expression levels (P = 0.028). However, after
48 h, IL-6 expression levels did not show any significant
changes (P > 0.05). Overall, the statistical analysis of S@MN-
MNP treatment results showed that the use of 0.2 and 0.4 μg/

Figure 6. IL-6 and ARG1 expression levels after M2 stimulation with free and loaded MN-MNPs containing simvastatin, niacin, and simvastatin/
niacin at (a,c) 24 and (b,d) 48 h postincubation. Significance of changes of the three independent replications was performed using one-way
ANOVA (Kruskal−Wallis) method and is defined as follows: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), and **** (P ≤ 0.0001).
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mL of simvastatin reduced the expression levels of IL-6 and
ARG1, which lasted for 48 h. In the S@MN-MNP treatment
at moderate concentrations, the anti-inhibitory effect on IL-6
gene over 48 h (P > 0.05) indicates gradual release of the drug
from the scaffold and consequently decline of macrophage
induction. Similar to the case of the free simvastatin, the effect
of S@MN-MNP treatment on IL-6 expression levels showed a
time-dependent manner. Also, induction of the IL-6 and
ARG1 expression at high-dose treatment (2.0 μg/mL) showed
a time-dependent manner so that after 48 h, a mixture of both
subsets of M1 and M2 was detectable. The effect of N@MN-
MNPs at 24 and 48 h post-treatment is also shown in Figure
6a,b. The administration of encapsulated niacin on M2-
polarized macrophage diminished the IL-6 expression levels
and significantly increased ARG1 (P = 0.028) at both 24 and
48 h after treatment. Similar to the free-drug state, after 48 h
of treatment with N@MN-MNPs, a significant increase in
ARG1 expression can be seen (P = 0.028).
According to Figures 6c,d, the treatment of M2-polarized

cells with simvastatin/niacin at 24 and 48 h was evaluated.

The maximum safe concentration of niacin along with
different concentrations of simvastatin significantly increased
the expression of ARG1 at all concentrations (P = 0.028).
This trend was observed at low concentrations (0.2 and 0.4
μg/mL) in 24 h, whereas after treatment with free simvastatin
at a concentration of 0.4 μM for 48 h, the IL-6 expression
increased dramatically. These results indicated that the use of
simvastatin, either alone or concomitantly with niacin up to a
concentration of 0.4 μg/mL, significantly induced ARG1
expression. Moreover, niacin/simvastatin combination treat-
ment at higher concentrations of simvastatin (>0.4 μg/mL)
increased IL-6 expression at both 24 and 48 h, which
subsequently increased the shift to the M1 subset, resulting in
M1/M2 mixture when using 2.0 μg/mL of simvastatin. A
decreasing trend in ARG1 expression levels can be seen in 48
h postexposure to simvastatin/niacin. Also, as shown in Figure
6c,d, treatment of J774A cells with free simvastatin/niacin
induced ARG1 expression in a time-independent manner. The
effect of 24 and 48 h post-treatment of equal concentrations
of free simvastatin/niacin as well as S + N@MN-MNPs, on

Figure 7. Toxicity analysis of free simvastatin, niacin and simvastatin/niacin and simvastatin, and niacin and simvastatin/niacin loaded on 100
μg/mL MN-MNPs on (a,b) HUVECs, (c) normal liver cells at 24 h, and (d) normal liver cells at 48 h was investigated. All experiments were
presented as average of three independent replicates. Significance of changes of the three independent replications was performed using the one-
way ANOVA (Kruskal−Wallis) method and is defined as follows: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), and **** (P ≤ 0.0001).
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M2-polarized cells, is shown in Figure 6d. After 24 h
treatment of the M2-polarized subset with 0.2, 0.4, and 0.8
μg/mL of simvastatin/2.0 mg/mL niacin, a significant
elevation in ARG1 gene expression can be seen (P = 0.028),
while in the case of IL-6 expression, a decreasing trend was
observed compared to the free formulation at higher
concentrations. Treatment of high concentrations of S +
N@MN-MNPs on IL-6 and ARG1 expression levels showed a
concentration- and time-dependent manner. Therefore, the
use of concentrations higher than 0.8 μg/mL led to an
increase in IL-6 expression, but the increase was less than in
the free-state treatment with simvastatin (P > 0.05). As a
result, the appropriate concentration for codelivery system
treatment of both free and encapsulated forms was estimated
to be 0.2 and 0.4 μg/mL, respectively, of simvastatin along
with 2.0 mg/mL of niacin.
3.5. Cellular Toxicity. The side effects of simvastatin,

niacin, and simvastatin/niacin formulations on HUVECs as
well as normal liver cells were evaluated using MTT and
apoptosis/necrosis assay. As illustrated in Figure 7a,b, the
MTT results showed that administration of free and
encapsulated formulations of niacin and simvastatin/niacin
did not show a significant effect on HUVECs. Short-term
treatment of HUVECs with variable amounts of simvastatin
(0.2−2.0 μg/mL) also did not cause significant toxicity, while
within 48 h, a significant toxicity was observed in S@MN-
MNPs at a concentration of 2.0 μg/mL.
As shown in Figure 7c,d, free administration of niacin and

simvastatin/niacin formulations resulted in liver cell toxicity
after longer exposure, while the nanoformulation of niacin and
niacin/simvastatin did not show significant toxicity at a similar
time point. Therefore, it can be concluded that the
administration of these formulations did not cause any
unwanted side effects in the short-term period. Treatment
of normal liver cells with high levels of simvastatin and niacin
showed a destructive effect on cells, while encapsulation of the
drugs in mannan NPs and their controlled release reduced the
toxicity. Therefore, according to the present experiment, the
use of NPs containing simvastatin, niacin, and simvastatin/
niacin on liver cells did not cause any adverse effects on
hepatic cells.
The effect of free and encapsulated simvastatin, niacin, and

simvastatin/niacin delivery on J774A cells, HUVECs, and
normal liver cells were analyzed using flow cytometry (see
Figures S2−S7). As illustrated in Figure S2, treatment of
J774A macrophage cells with simvastatin at high concen-
trations induced apoptosis by 27.4% (Figure S2a,b), while the
effect of niacin showed no detectable toxicity (Figure S2c).
The codelivery effect of simvastatin/niacin modulated the
apoptosis-mediated cell death in macrophages (Figure S2d).
Also, the treatment of the J774A macrophage cell line with the
targeted formulations using mannan NPs induced a slight
necrosis in cells (Figure S3b). However, S@MN-MNPs
increased the rate of apoptosis up to 7.3% (Figure S3c). On
the contrary, the apoptotic effect of niacin on J774A cells was
negligible (Figure S3d). The codelivery of simvastatin/niacin
on the J774A cell line modulated the induction of apoptosis in
the cells (Figure S3e).
Treatment with simvastatin at high concentrations slightly

induced the apoptosis process in HUVECs (Figure S4a,b),
while the apoptosis-induced trend was negligible in the
treatment of niacin (Figure S4c). The codelivery of
simvastatin/niacin on the HUVEC line further reduced the

induction of apoptosis (Figure S4d). The effect of S@MN-
MNPs, N@MN-MNPs, and S + N@MN-MNPs on HUVECs
is shown in Figure S4. The MN-MNPs did not show a
significant negative effect on HUVECs; however, S@MN-
MNPs increased the rate of apoptosis up to 19.7% (Figure
S5a−c). The apoptotic effect of niacin on HUVECs was very
small, and the codelivery effect of simvastatin/niacin
modulated apoptosis compared to niacin treatment (Figure
S5d,e). As shown in Figure S6a,b, treatment of normal hepatic
cells with simvastatin at high concentrations induced slight
apoptosis. In contrast, the free treatment with niacin showed a
high rate of apoptotic cell death up to 19.9% (Figure S6c).
The codelivery of simvastatin/niacin slightly reduced the
apoptosis induction in hepatocytes (Figure S6d). The effect of
S@MN-MNPs, N@MN-MNPs, and S + N@MN-MNPs on
normal hepatic cells is shown in Figure S7. The MN-MNPs
showed a slight negative effect on the induction of necrosis
(see Figure S7a,b). The S@MN-MNP treatment displayed a
reduced apoptosis rate in hepatic cells (Figure S7c). The
apoptotic effect of niacin on hepatic cells was negligible, and
the codelivery of S + N@MN-MNPs modulated the apoptosis
trend compared to simvastatin/niacin and niacin (Figure
S7d,e).
Overall, the results of cell death studies in three cell lines,

J774A, HUVEC, and normal liver, are summarized in Figure
8. As shown in Figure 8a, free simvastatin resulted in
significant cell death of J774A macrophage cells (P = 0.012),
which was not seen when using S@MN-MNPs (P = 0.914).
This may partly be due to the controlled release of simvastatin
from S@MN-MNPs. Treatment with niacin (P = 0.925) and
niacin/simvastatin (P > 0.999), MN-MNPs (P > 0.999), N@
MN-MNPs (P > 0.999), and S + N@MN-MNPs (P = 0.923)
did not show a significant effect on J774A cells. Importantly,
nonparametric t-test (Mann−Whitney) analysis showed that
the treatment of J774A cells with free formulation of
simvastatin did not increase necrotic cell death (P = 0.914),
while it induced significant apoptosis in the cells (P = 0.002).
Other treatments did not show a significant effect on the
induction of apoptosis in J774A cells. Interestingly, treatment
with S + N@MN-MNPs significantly reduced apoptosis in
J774A cells (P = 0.046).
As shown in Figure 8b, simvastatin treatment resulted in

nonsignificant cell death in HUVECs compared to the control
(P = 0.502). The S@MN-MNPs resulted in a slight decrease
in apoptosis (P > 0.999). Treatment of HUVECs with niacin
(P > 0.999) and N@MN-MNPs (P > 0.999) did not show
any significant effect on induction of cell death compared to
the control. MN-MNPs also did not induce significant cell
death in HUVECs compared to the control (P > 0.999). The
niacin/simvastatin formulation (P > 0.999) and S + N@MN-
MNPs (P > 0.999) also did not show a significant change in
the induction of cell death compared to the control. Also, it
should be mentioned that S + N@MN-MNP formulation did
not show a significant reduction in cell death (apoptosis and
necrosis) compared to the free drug formulations (P = 0.999).
As shown in Figure 8c, simvastatin (P > 0.999), S@N-

MNPs (P > 0.999), niacin (P = 0.061), and N@MN-MNP
treatment (P = 0.131) did not induce significant cell death in
normal liver cells. However, coadministration of niacin/
simvastatin significantly increased cell death in normal liver
cells (P = 0.009). The S + N@MN-MNP formulation
significantly reduced the induction of cell death in normal
liver cells (P = 0.031). Based on the results, free
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administration of niacin/simvastatin led to a significant
increase in apoptosis in normal liver cells compared to the
control treatment (P = 0.043). Also, codelivery of S + N@
MN-MNPs showed a strong reduced effect on apoptosis
induction compared to the free formulation (P = 0.019).
Moreover, compared to niacin treatment, controlled codeliv-
ery of S + N@MN-MNPs showed a significant reduction of
apoptosis in normal liver cells (P = 0.028).

4. DISCUSSION
In the first part of this study, we successfully synthesized
enzyme-sensitive magnetic NPs coated with mannose polymer
to carry medications and be targeted to mannose receptors on
macrophages as a key player in atherosclerosis.
Characterization of functional group of MN-MNPs by the

FT-IR spectrum at 400−4000 cm−1 wavenumber showed the
presence of O−H groups in the range of 3419 cm−1, C−H
group in the range of 12,927 and 2867 cm−1, C−C bond in
the range of 11,640−1630 cm−1, and C−O bond in the range
of 1070 cm−1, which represented the corporation of sugar
polymer in MN-MNPs. Also, the presence of Fe−O bond in
the coated NPs was significant, which all indicate the presence
of magnetite NPs within the mannan polymer.27 X-ray
diffraction (XRD) technique was used to evaluate the purity
of magnetic NPs and the quality of mineralization. The
presence of six peaks in the 2θ regions at 30.15, 35.60, 43.55,
54.55, 57.50, and 63.45° indicated the formation of octagonal
cube diffraction of Fe3O4 structures (220, 311, 400, 422, 511,
and 440°). The correct positions and intensities of the
reflection peak of all MNPs agree with the XRD diffraction
peaks of reported Fe3O4,

48 and sharp peaks indicated good
crystallization. These characteristics correspond to the
arrangement of the obtained spectra with those mentioned
in earlier reports, and also the height and sharpness of the
peaks indicated the proper crystallization of the NPs.48 The
small decrease in peak intensity and the increase in spectrum
disturbance are due to the presence of amorphous
polysaccharide structures.49 Therefore, it can be said that
the NPs synthesized by the single-step method are magnetite
NPs (Fe3O4), and the polysaccharide coating was relatively
thin so that it did not have a significant effect on the
sharpness of Fe3O4 crystal structure.
According to TEM analysis, our MN-MNPs exhibited a

well-crystallized spherical shape with an inorganic core size of
15−25 nm and a thin encircled coating layer, which shows the
small thickness of the mannan polymer shell. The ability to
cross-natural biological barriers is largely related to the
physicochemical properties of NPs, including morphology,
hydrodynamic size, charge, and other surface properties.50,51

Particle size is relatively critical for targeted drug delivery that
dictated several criteria such as their circulation in the blood,
shelf life, tissue accumulation, cellular uptake, and subcellular
distribution.52 The hydrodynamic size of NPs can have a great
impact on how they behave in clinical settings. While NPs less
than 5 nm are immediately cleared by kidney infiltrations,53,54

medium-sized NPs (30−150 nm) are capable of accumulating
in organs like bone marrow, heart, kidney, and stomach. Large
NPs (150−300 nm) are mainly entrapped with phagocytic
systems which finally accumulates in the liver and spleen.55

Several studies conducted so far mentioned that NPs with a
size of 50−100 nm can persist in the bloodstream for up to 2
h, and hydrophilic NPs smaller than 200 nm can easily escape
from phagocytosis due to their lack of interaction with plasma

Figure 8. Toxicity analysis of free and encapsulated formulations on
MN-MNPs by flow cytometry on (a) J774A, (b) HUVEC, and (c)
normal liver cells with 2 μg/mL simvastatin, 2 μg/mL niacin, and 2
μg/mL simvastatin/2 μg/mL niacin. The black stars represent the
results of t-test analysis (Mann−Whitney), and the red stars show the
one-way ANOVA (Kruskal−Wallis) analysis. Significance of changes
of the three independent replications was performed and is defined as
follows: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), and **** (P
≤ 0.0001).
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proteins.30,56 Different studies have shown that the renal
filtration and liver entrapment NPs’ cutoff size is 5.5 and 50
nm, respectively.57,58 Besides, the leaky vasculature, called the
EPR effect, in atherosclerotic lesions helps NPs to pass into
the plaque region more efficiently, while an undeveloped
lymphatic drainage system increases the local concentration of
NP-carrying drugs.59 The hydrodynamic size of MN-MNPs
was estimated to be 77.23 ± 13.90 nm, which is larger than
that of the reported mannan coated-MNPs (46.2 nm).28 The
size difference between TEM and DLS analyses may be
related to the swelling ability of the polysaccharide polymers
in a liquid medium. Therefore, it can be predicted that MN-
MNPs are relatively able to maintain in blood and capable of
escaping from phagocytosis. NP cores with minor size (<30
nm) have superparamagnetic properties which need to be
improved to avoid aggregation in vivo.60 In other words, the
superparamagnetic properties of magnetite help the delivery
system to response to the magnetic field when using external
magnet and stop the magnetization of the NPs immediately
once removed from the magnetic field.61 The VSM analysis
was performed to confirm the magnetic properties of MN-
MNPs which were further classified as superparamagnetic NPs
due to the sigmoid shape of the magnetic diagram and
reaching zero magnetism.30 The thickness of the carbohydrate
polymer is capable of weakening the magnetic saturation state
compared to the uncoated MNPs. According to the VSM
analysis of bare MNP (data not shown) and MN-MNPs, the
saturation curve is reduced from 60.01 to 53.96 cm−3 emu.
Also, the closeness of the magnetic saturation of MN-MNPs
and MNPs is the sign of the least crystalline irregularity in the
NPs.62 The surface charge of NPs also plays an important role
in preventing unwanted interactions with other macro-
molecules, cell adsorption, and cell targeting in heterogeneous
environments such as blood and interstitial fluid.63 The
surface charge of MNPs was determined to be a strong
negative charge (−26.67 mV), which is due to the presence of
OH groups on the NP surface. Coating of NPs with mannan
polymer changed this value to a neutral area at −4.24 mV.
The change in ζ potential can also indicate the successful
coating of the magnetic NPs with the polymer. Near-neutral ζ
potential helped out the NPs to prevent any unwanted
electrostatic interactions with other biomolecules in the
plasma.64

In the second part of the study, we loaded the NPs with
simvastatin and niacin to target these commonly used
medicines to M1 and M2 macrophages in vitro and evaluated
their toxicity and impacts on the cells. The drug loading
efficiencies of niacin and simvastatin were calculated to be
87.21% and 75.36%, respectively, which is more than the
loading rate of other reported substrates such as the PLGA-
coated substrate with an efficiency of 24.8% for Paclitaxel and
in the range of substrates such as chondroitin sulfate A with
85% efficiency for doxorubicin loading and chitosan-β-
cyclodextrin substrate with 88% loading efficiency for
curcumin.65−67 The loading capacity of niacin, simvastatin,
and niacin/simvastatin on MN-MNPs was calculated to be
21.15−5.03%, which is an acceptable amount to affect
macrophage cells. Given that drug release by endocytosis is
one of the most effective strategies for drug delivery to the
target cell, the use of substrates sensitive to lysosomal
enzymes is a convenient way to release therapeutic drugs.
To determine the enzyme-mediated release of MN-MNPs, S@
MN-MNPs and N@MN-MNPs were prepared, and the drug

release behavior in the medium containing 1 mg/mL BSA in
the presence and absence of coating mannose hydrolyzing
enzymes to simulate lysosomal degradation and bloodstream
was evaluated. The unwanted leakage of niacin and
simvastatin in N@MN-MNPs and S@MN-MNPs is calculated
to be 19.22 and 14.38, which is much lower than previously
reported scaffolds such as magnetic chitosan micelles with
65% release and pectin magnetic NPs with 60 and 34%
release, respectively. The reported leakage in other nano-
carriers like Chitosan@β-cyclodextrin (30%) and Ca-Gly-
Maltose-D16F7 (25%) was also higher than our delivery
system.66,68−70 The enzyme-mediated release of niacin and
simvastatin was estimated to be 67.23 and 79.51%,
respectively. In our delivery system, active lysosomal enzymes,
α-D-mannosidase, are predicted to act as a polymer degrading
agent. There are limited reports on the enzyme-sensitive drug
delivery systems, and most importantly, pH-sensitive release is
between 30 and 90%.71 The doxorubicin releasing profile from
β-cyclodextrin NPs, simvastatin release from Ca-Gly-Maltose-
D16F7, and methotrexate from pectin NPs at pH = 5 was
reported to be 37, 54, and 90%, respectively which are
comparable with our system.68,72,73

The use of biocompatible NPs is favorable with the aim of
increasing drug uptake efficiency, reducing unwanted side
effects, and preventing premature drug release. We used
macrophages, HUVECs, and hepatocytes for biocompatibility
experiments. Macrophages possess the ability to either
mediate or suppress inflammatory responses based on their
cytokine secretion pattern and cellular phenotype. However,
treatments of autoimmune diseases, early stage of cancer and
tissue regeneration, may benefit substantially from macro-
phage switching from an inflammatory (M1) to anti-
inflammatory (M2) phenotype; this may not be the case in
late stages of cancer.74 Similarly, M1 and M2 macrophages
play different roles in different stages of atherosclerosis, but
when the plaque is formed and developed, which is when the
angiography can help in risk assessment, M2 macrophages are
advantageous.34 Therefore, overcoming the M1 (inflamma-
tory) phenotype and evolving into the M2 (anti-inflamma-
tory) phenotype are of substantial benefit. The biocompati-
bility assessments of the MN-MNPs at concentrations ranging
from 50 to 600 μg/mL against J774A cells revealed the usage
safety of NPs up to 200 μg/mL even in 72 h of incubation.
To be more specific, after successful treatment of

macrophages with LPS/IFN-γ and IL-4 to induce M1 and
M2 deviation, the effects of simvastatin, niacin, and
simvastatin/niacin combination as well as S@MN-MNPs,
N@MN-MNPs, and S + N@MN-MNPs on expression levels
of M1 (IL-6) and M2 (ARG1) marker genes were
investigated. Free simvastatin reduced IL-6 in LPS/IFN-γ-
stimulated (M1) macrophages at low concentrations (0.2 and
0.4 μg/mL). Free administration of simvastatin at high doses
caused a time-dependent increased expression of IL-6 which
may accelerate progression of atherosclerosis in vivo. There-
fore, free simvastatin shifted macrophages from the M1 to M2
subsets only at low concentrations. The MN-MNP nano-
carrier showed a negative trend in IL-6 expression.
Interestingly, the S@MN-MNPs modulated the inflammatory
effect of the LPS/IFN-γ-induced M1 macrophage subset. In
general, our results are consistent with an earlier study in
which simvastatin treatment at concentrations of 1.7−8.8 μM
(equal to 0.68 to 3.52 μg/mL) resulted in short time (9 h),
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increased expression levels of CD206, and significant IL-10
secretion, as indication of M1 to M2 shift.75

We showed that short-term (24 h) niacin treatment of M1
macrophages had a positive effect on ARG1 expression and
thus showed a significant shift from M1 to M2 populations.
The long-time exposure of M1 macrophages to niacin (48 h)
led to an increase in markers associated with both M1 and M2
populations. However, due to controlled drug release, the N@
MN-MNP treatment had a positive and continuous trend
from M1 to M2 in the long-term exposure. Therefore, it can
be concluded that compared to free administration of niacin,
long-term treatment of N@MN-MNPs has a stronger effect
on induction of M2 macrophages, which are considered anti-
inflammatory and in favor of plaque stability in vivo. Similarly,
in an earlier study on healthy human M1 macrophages and
mice with metabolic syndrome, niacin treatment was capable
of shifting M1 macrophages to M2 populations.76,77 Niacin
mainly affects the cells through a hydroxycarboxylic acid
receptor 2, the so-called HCAR2 or GPR109A. Several studies
have shown that niacin may play an anti-inflammatory role in
diseases such as Parkinson’s via GPR109A/HCA2, which is
highly expressed in adipose tissue and macrophages.78−80

Studies suggest that Gpr109a signaling may induce anti-
inflammatory properties in macrophages and dendritic cells,
enabling them to differentiate between Treg cells and IL-10-
producing T cells.81 Interaction with GPR109A may reduce
the NF-κB signaling pathway and antioxidant mechanisms and
amplify mitochondrial NAD, which may explain how macro-
phage polarization occurs under the M2 populations.82

Apparently, similar to the role of macrophages in Parkinson’s
disease, in the current study, the effect of niacin on induced
macrophages has shown an anti-inflammatory effect in the
short- and long-term (24 and 48 h) treatment through
increased M2 marker, ARG1, expression levels.
The effect of S + N@MN-MNPs on M1 macrophage

populations indicated that treatment at low simvastatin
concentrations (0.2 μg/mL) led to a significant shift from
M1 to M2 populations. However, both short- and long-term
exposure to moderate and high concentrations of simvastatin
alone increased M1 polarization and the mixture of M1/M2
macrophages. The short time (24 h) effect of S + N@MN-
MNPs (0.2−0.4 μg/mL) had a similar effect to the free
formulation, but in the long term, due to controlled drug
release, a sharp decrease in the inflammatory M1 marker, IL-6,
and a significant increase in the anti-inflammatory marker,
ARG1, were detected, which confirmed a shift in M1 to M2
populations. Increasing the concentration of simvastatin in S +
N@MN-MNPs not only increased the expression of
inflammatory marker IL-6 but also had an inhibitory effect
on the expression of ARG1 compatible with the activation of
macrophages, which can have a stimulatory effect on plaque
progression. Altogether, it can be said that the use of high
doses of simvastatin and S@MN-MNPs (>0.8 μg/mL) is not
only inappropriate but can also help the progression of
atherosclerotic plaque in the early stages of plaque formation.
Administration of niacin alone or in combination with low
concentrations of simvastatin (0.2−0.4 μg/mL) can lead to a
shift to the M2 anti-inflammatory subset in macrophages.
Also, the use of N@MN-MNPS and S + N@MN-MNPS
showed better outcomes than their free format low
concentrations.
We also found that the effects of simvastatin on M2

macrophages at low (0.2−0.4 μg/mL) and high (0.8−2.0 μg/

mL) concentrations either alone or in combination with
niacin were different. At low concentrations, especially 0.2 μg/
mL, both inflammatory and anti-inflammatory markers were
decreased to the baseline level of expression in the M2
macrophages. The MN-MNPs induced IL-6 in M2 popula-
tions, which is probably due to the mannose receptor-
mediated cellular uptake of the NPs.83 S@MN-MNPs (0.2 to
0.4 μg/mL) only induced IL-6, in doses corresponding to
MN-MNPs, but the rate of IL-6 induction is less than the free
state of simvastatin, which might be due to controlled drug
release of the S@MN-MNP delivery system. Both free and
MN-MNP encapsulate forms of niacin, induced higher levels
of ARG1. Whether niacin can diminish the rate of M1
polarization and thus slow atherosclerosis progression by
increasing M2 macrophages in vivo is yet to be investigated.
Codelivery of simvastatin/niacin at low concentrations of

simvastatin did not show any significant effect on IL-6
expression, whereas at higher doses, induced IL-6 expression
in both short- and long-term administration occurred.
However, in the case of M2 macrophages, a higher dose of
simvastatin was effective in inducing ARG1 expression. The
effect of S + N@MN-MNPs showed that low concentrations
of simvastatin (0.2 μg/mL) in the long term (48 h) led to a
significant increase in ARG1 expression levels versus a small
increase in IL-6. These results showed that this concentration
can be used to better deviate macrophages to M2 phenotype
and stabilize their anti-inflammatory activity.
Analysis of apoptosis in treated cells showed that free

simvastatin was more toxic to J774A (27.4% apoptosis) than
the encapsulated form (10.3%). Interestingly, niacin induced
negligible apoptosis in all forms, and the codelivery of
simvastatin/niacin (S + N@MN-MNPs) modulated the
induction of apoptosis, as well. Similarly, treatment of
HUVECs with high levels of free simvastatin showed greater
toxicity compared with encapsulated formulations, possibly
due to controlled drug release. Free and encapsulated
formulations of niacin and niacin/simvastatin did not induce
significant cell death in HUVECs. These results are
encouraging in the sense that our drug-loaded particles did
not increase apoptosis in macrophages and HUVECs and
were even safer than those in the free form of the drug. On
the contrary to the macrophage and endothelial cell lines,
treatment of murine normal liver cells with free and
encapsulated simvastatin induced apoptosis, and the effect of
free niacin on liver cells was even worse. However, the
encapsulated formulation of simvastatin/niacin showed a
lower apoptosis level in liver cells than any of the other
formulations. Therefore, hepatocyte toxicity by niacin is
decreased by encapsulation in mannan particles and codelivery
with simvastatin.

5. CONCLUSIONS AND PERSPECTIVES
The results of the present study imply that the use of N@
MN-MNPs might potentially prevent the progression of
atherosclerosis in the early stages of the disease. Also, S + N@
MN-MNPs might be effective through anti-inflammatory
macrophage subset stabilization with minimum side effects
on liver cells. Although simvastatin and niacin are both
currently approved for treatment of patients with coronary
disease with clinical and angiographically measurable benefits
and lowering HDL levels, a targeted delivery approach will not
only change the frequency of medication from daily to
monthly or even seasonal but also ensure that the side effects
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of medications prescribed on healthy tissues such as liver
muscles and vascular endothelial cells will be minimized. On
the other hand, due to the nature of the selected NPs, these
NPs are slowly decomposed after entering the body, and the
resulting iron ions are carefully removed by ferritin in the
blood.84 It is worth mentioning that the success of the present
drug delivery system in the treatment of arteriosclerosis is
dependent on its promising results in preclinical studies on
the ApoE−/− mouse model, which will be considered in future
works.
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