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Purpose: Nanoparticles (NPs) that target bone tissue were developed using poly(lactic-co-glycolic
acid) (PLGA) copolymers and tetracycline (TC)-based bone-targeting moieties. These NPs
are expected to enable the transport of drugs, such as simvastatin (SIM), for the treatment of
osteoporosis.

Methods: The molecular structures of TC-PLGA were validated by 'H-NMR, and the SIM-
loaded NPs were prepared using the solvent emulsification method. The surface properties,
cytotoxicity, cellular uptake, cell mineralization, bone targeting potential, and animal pharma-
codynamics of the TC-PLGA NPs were evaluated and compared to those of PLGA NPs.
Results: It was confirmed that the average particle size of the NPs was approximately 220 nm.
In phosphate-buffered saline (PBS, pH 7.4), the SIM-loaded NPs exhibited a cumulative release
of up to 80% within 72 hours. An in vitro cell evaluation indicated that the NPs had an excel-
lent cellular uptake capacity and showed great biocompatibility with MC3T3-E1 cells, thereby
reducing the cytotoxic effects of SIM. The cell mineralization assay showed that the SIM-loaded
NPs induced osteogenic differentiation and mineralized nodule formation in MC3T3-E1 cells,
thereby achieving the same effect as SIM. Preliminary findings from in vitro and in vivo bone
affinity assays indicated that the TC-PLGA NPs may display increased bone-targeting effi-
ciency compared to PLGA NPs lacking a TC moiety. The use of SIM-loaded TC-PLGA NPs
in treating osteoporosis was tested through animal pharmacodynamics analyses performed in
ovariectomized rats, and the results suggested that the SIM-loaded TC-PLGA NPs can improve
the curative effects of SIM on the recovery of bone mineral density compared to either SIM-
loaded PLGA NPs or SIM alone.

Conclusion: Bone-targeting NPs, which were based on the conjugation of TC to PLGA copo-
lymers, have the ability to target bone. These NPs may be developed as a delivery system for
hydrophobic drugs, and they are expected to improve the curative effects of drugs, reduce the
administered drug doses, and reduce side effects in other organs.

Keywords: poly(lactic-co-glycolic acid), simvastatin, tetracycline, osteoporosis, bone target-
ing, nanoparticles

Introduction

Recent studies have indicated that statins have the potential ability to promote new
bone formation in vitro and in animals.! These exciting results point to a new genera-
tion of treatment options for osteoporosis, because current therapies for the treatment
of osteoporosis are mostly anti-osteoclast agents, including estrogen and related com-
pounds, bisphosphonates, calcitonin, vitamin D analogs; currently, limited methods are
available to induce osteogenesis. It is known that more than 95% of gastrointestinally
absorbed statins will be decomposed in the liver, resulting in a much lower concentra-
tion in the bone;? this decomposition may be the reason why most clinical studies using
routine dosage of statins result in inconsistent effects on the bone.>* Positive results
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were obtained in the laboratory in animals orally administered
with extremely high dosages of statins,® and it has also been
found that exceedingly high doses of systemically applied
statins will lead to significant, adverse, and systemic side
effects.® These results have motivated us to find a suitable
deliver system for statins to reduce their side effects and to
target statins’ delivery to the bone.

As a new type of drug delivery system, nanotechnology-
based delivery systems have shown a broad variety of
useful properties, such as the ability to target organs or tis-
sues, improve drugs’ biocompatibility, reduce drugs’ toxic
effects, and to allow controlled drug release or sustained drug
release.”'? Poly(lactic-co-glycolic acid) (PLGA) biopolymer
is a hydrophobic synthetic polymer with good biodegrad-
ability and biocompatibility. It produces a biocompatible
byproduct that can be eliminated through normal metabolic
pathways and has been widely used in clinical treatments.
Specific drugs that have very low bio-availabilities or can-
not survive the environments of the gastrointestinal tract
in vivo can be administered using PLGA nanoparticles (NPs)
as carriers; their encapsulation into the PLGA NP delivery
system not only enables their protection but also improves
the bio-availability of these drugs.!'!* Some drugs with high
cytotoxicity at low concentrations can be delivered with
PLGA NPs, and a long-term sustained drug release can be
achieved by their encapsulation into PLGA NPs.!* PLGA
NPs are also a potential drug delivery device for drugs used
in treating osteoporosis, and a chemical modification that
targets these NPs directly to bone will be more beneficial to
osteoporosis patients.

Tetracycline (TC) is a broad-spectrum antibiotic pro-
duced by the Streptomyces genus of the Actinobacteria
phylum that is indicated for use against many bacterial
infections. However, in clinical applications, many previous
studies have shown that TC can be taken up by bone through
a reaction that appears to occur directly between TC and
hydroxyapatite Ca, (PO,),(OH),, the major constituent of
bone tissue.!® Thus, TC can be a potent chemical compound
for bone targeting.

In the present study, TC-PLGA was synthesized by an
esterification reaction between the hydroxyl of TC and the
carboxyl of PLGA. The TC-grafted PLGA NPs (TC-PLGA
NPs) were prepared using the solvent emulsification method.
We hoped that the TC would act as a bone targeting system
that would lead the NPs directly to the bone. We chose sim-
vastatin (SIM) as the model drug to induce the enhancement
of osteogenesis. We expected the SIM-loaded TC-grafted
PLGA NPs (SIM/TC-PLGA NPs) to increase the amount of

SIM that reached the bone, thereby exerting a better curative
effect on osteoporosis.

Materials and methods

Materials

PLGA (50:50 [the ratio of lactic acid and glycolic acid];
MW, 2,000 Da; MW =15,000 Da) was purchased from
Jinan Daigang Biomaterial Co, Ltd (Jinan, Shandong,
People’s Republic of China). 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide (EDC), hydroxybenzotriazole (HOBt), TC
hydrochloride, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), fluorescein isothiocyanate
(FITC), B-Glycerophosphate, L-ascorbic acid, and alizarin
red S were obtained from Sigma-Aldrich Co (St Louis,
MO, USA). The bicinchoninic acid (BCA) protein assay kit
was purchased from Beyotime Institute of Biotechnology
(Haimen, Jiangsu, People’s Republic of China). Alpha-
minimum essential medium («MEM), fetal bovine serum
(FBS) were purchased from Thermo Fisher Scientific,
Waltham, MA, USA. Hydroxyapatite powder (HAp),
methylene chloride, N,N-Dimethylformamide (DMF), and
polyvinyl alcohol (PVA) were purchased from Chemical
Reagent Co, Ltd. (Shanghai, People’s Republic of China).
1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indotricarbocyanine
lodide (DiR) lipophilicity fluorescence dye was obtained
from Molecular Probes (Eugene, OR, USA). Hydrogenated
soya phosphatidyl choline (S100) was purchased from Lipoid
GmbH (Ludwigshafen, Germany). SIM was purchased from
Zhejiang Hisun Pharmaceutical Co, Ltd (Taizhou, People’s
Republic of China). Otcadecylamine (ODA) was purchased
from Sigma-Aldrich Co.

All mice were housed under a 12-hour light/dark cycle
and had access to food and water ad libitum. All experimental
protocols and animal handling procedures were performed in
accordance with the US National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals and
all experiments in the current study were approved by The
Committee for Animal Experiments at Zhejiang University,
Hangzhou, People’s Republic of China.

Synthesis and characterization of TC—
PLGA, copolymer

A simple? Oé)soteriﬁcation reaction was used to synthesize the
TC-PLGA,,,.'*"" Briefly, 500 mg of PLGA (MW, 2,000),
156 mg of TC hydrochloride, 72 mg of EDC, and 50 mg of
HOBt were dissolved in 20 mL of DMF. This solution was
heated and stirred for 24 hours at 60°C. Then, the mixture was

dialyzed against deionized water using a dialysis membrane
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(MW cut-off, 14 kDa; Spectrum Laboratories, Laguna Hills,
CA, USA) for 48 hours. After centrifugation at 4,000 rpm for
10 minutes and after washing three times with deionized water,
the final TC-PLGA,, products were obtained. The 'H-NMR
spectra of the products were obtained using a nuclear magnetic
resonance spectrometer (BioSpin AC-80; Bruker Optik GmbH,
Ettlingen, Germany). TC-PLGA,,, was dissolved in deuter-
ated dimethyl sulfoxide (DMSO) at 50 mg/mL. PLGA
TC were compared at a concentration of 20 mg/mL.

2000 and

Preparation of fluorescein

A reaction between the amino group of ODA and the isothio-
cyanate group of FITC was used to synthesize the ODA-FITC.
Briefly, 20 mg of ODA and 28 mg of FITC were dissolved in 6
mL of ethanol. The solution was heated and stirred for 24 hours
at 50°C, protected from light. After the reaction was finished,
the mixture was mixed with 50 mL of distilled water to pre-
cipitate the ODA-FITC. The precipitate was filtrated through
a 0.45 mm filter (EMD Millipore, Billerica, MA, USA) and
was washed three times with distilled water. The final product
was lyophilized and stored in the dark for further use.

Preparation of PLGA NPs and TC-PLGA

NPs

Over all, 5 mg of SIM and 10 mg of hydrogenated soya
phosphatidyl choline (S100) were dissolved in 1.0 mL of
methylene chloride and conjugated by stirring for 30 minutes.
The solution was then evaporated under vacuum at room tem-
perature. After all of the methylene chloride was evaporated,
the final SIM—S100 drug compound was obtained.

PLGA NPs and TC-PLGA NPs were prepared via the
solvent emulsification method.'®!* Briefly, the SIM—S100
drug compound (15 mg; only for SIM-loaded PLGA NPs
and TC-PLGA NPs); ODA-FITC (5 mg; only for the
ODA-FITC-labeled PLGA NPs and the TC—PLGA NPs);
DiR (1.0 mg; only for the DiR-labeled PLGA NPs and the
TC-PLGA NPs), 80 mg PLGA (MW =15,000); and 20 mg
TC-PLGA,,, (only for the TC-PLGA NPs), or the PLGA, |
(only for the PLGA NPs) were dissolved in 2 mL methylene
chloride. The mixture was quickly dispersed into 10 mL of
PVA solution (2%; w/v) under high shear and dispersing at
20,000 rpm for 10 minutes, followed by homogenization via
a probe sonicator. The emulsion was then evaporated under
vacuum until almost all of the methylene chloride was evapo-
rated. The PLGA NPs and TC—PLGA NPs were isolated by
centrifugation at 20,000 rpm for 20 minutes and were washed
with deionized water several times. The final PLGA NPs or
TC—PLGA NPs were redispersed in deionized water.

High-performance liquid chromatography

assay for SIM

High-performance liquid chromatography (HPLC) analysis
of SIM was performed using a modular liquid chromatograph
system (Agilent Technologies, Santa Clara, CA, USA) with
a C18 analytical column (Dikma Technologies, Lake Forest,
CA, USA) column (250 mm x4.6 mm; 5 um). The mobile
phase was a mixture of acetonitrile and water containing
25 mM phosphoric acid (65:35; v:v), eluted at a flow rate
of 1.0 mL/min and a sample injection volume of 100 pL.
The UV detector wave length was set at 239 nm.?

Characterization of PLGA NPs and
TC—-PLGA NPs

Determination of particle size

The particle sizes of the PLGA NP and TC-PLGA NP sus-
pensions (1.0 mg/mL) were determined by laser scattering
technique using a Zetasizer analyzer (3000HS; Malvern
Instruments Ltd).

Transmission electron microscopy observations

The morphological characteristics of the PLGA NPs and
TC—PLGA NPs were examined using transmission electron
microscopy (TEM; JEM-1230; JEOL, Tokyo, Japan). The
samples were put on copper grids and were stained with 2%
(w/v) phosphotungstic acid.

Determination of drug entrapment

efficiency

The SIM-loaded PLGA NPs and SIM-loaded TC-PLGA NPs
were destroyed by DMSO. The SIM content was measured
by HPLC, and the SIM content in DMSO (C; mg/mL) was
determined. The drug loading (DL%) of SIM and the entrap-
ment efficiency (EE%) were calculated using Equations 1
and 2, respectively:

CxV
DL% =—————— x100%; (1)
CS><V+WO
and
C xV
EE% = W x100% (2)

s

where W_ represents the weight of SIM (mg), W,
represents the weight of the synthetic polymer (mg)
added into the system, and V denotes the volume of the
DMSO (mL).
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Drug release kinetics in vitro

The dialysis bag diffusion technique was used to study
in vitro drug release from PLGA NPs and TC-PLGA NPs.*!
The SIM-loaded PLGA NPs or TC-PLGA NP suspension
equivalent to 50 pug SIM were added until they filled the
dialysis bag (MW cut-off, 14 KDa; Spectrum Laboratories,
Laguna Hills, CA, USA) and were placed in 15 mL of PBS
(pH 7.4), were stirred at 60 r/min, and were maintained at
a temperature of 37°C. At predetermined time intervals (ie,
1,2,4,6,9, 12, 24, 36, 48, and 72 hours), the dissolution
medium was completely removed for analysis and was
replaced with an equal volume of fresh dissolution medium.
HPLC was used to measure the drug concentration.

Cell culture and evaluation

MC3T3-El cell culture

MC3T3-El cells, a clonal pre-osteoblastic cell line derived
from newborn mouse calvaria, which were obtained from
Keduo Biochemistry Co, Ltd (Hangzhou, People’s Republic
of China), were cultured in tMEM containing 10% (v/v)
FBS. When the cells were seeded for the osteogenic differ-
entiation experiment, the basic medium was supplemented
with 10 mmol/L B-glycerophosphate and 50 pg/L L-ascorbic
acid. The medium was changed every 2 days.?

Cytotoxicity of PLGA NPs and TC-PLGA
NPs

To determine the concentration of SIM that did not induce
cytotoxicity, 200 UL of MC3T3-E1 cells were plated at a
density of 2x10* cells/mL in a 96-well plate and were cul-
tured with SIM-loaded PLGA NPs and TC-PLGA NPs for
48 hours. The concentrations of SIM loaded into the NPs
ranged from 10~ mol/L to 10~° mol/L. After 48 hours of
treatment, cell proliferation was quantified using the MTT
assay. Briefly, 20 uL of MTT solution (5 mg/mL) was
added, followed by incubation for another 4 hours. After
MTT-containing medium was removed and formazan was
solubilized in 200 pL DMSO, The optical density values of
solution were measured at a wavelength of 570 nm, and cell
viability was calculated by the following equation:*

OD570 (sample)
ODS570 (control)

Cell viability (%)= x100%. ()

Cellular uptake investigation

For the cellular uptake study, MC3T3-E1 cells were plated in
a 12-well plate at a density of 5x10* cells/well and were then
treated with fresh tMEM containing ODA-FITC-loaded

PLGA NPs and TC-PLGA NPs (100 pug/mL) for 24 hours at
37°C. At pre-determined intervals (ie, 2,4, 7, 10 and 24 hours),
the cells were washed three times with PBS and were collected.
Then, the collected cells were subjected to repeated freezing
and thawing with DMSO. After they were centrifuged at
10,000 rpm for 5 minutes, the fluorescence of supernatants was
detected by fluorescence spectrophotometer and a Micro BCA
protein assay kit was used to determine the intracellular protein
contents. The cellular uptake percentage of the fluorescent
loaded NPs was calculated by the following equation:

NPs uptak C
SOPREE i 100% 4)
percentage (%) C

t0

where C, presents the intracellular ODA-FITC concentration
at times t, and C denotes the initial ODA-FITC concentra-
tion at times t .

Alizarin red S assay

To confirm the mineralization in differentiated cells,
MC3T3-El cells were plated in a 12-well plate at a density
of 5x10* cells/well and were treated with osteogenic dif-
ferentiation medium containing SIM-loaded PLGA NPs
and TC—PLGA NPs (10~® mol/mL or 10”7 mol/mL of SIM
equivalent) for 14 days. The osteogenic differentiation
medium was refreshed every other day. After 14 days, 1.5%
alizarin red S was prepared in distilled water, and the pH
was adjusted to 4.0—4.2 using 0.5% ammonium hydroxide.
Differentiated MC3T3-E1 cells were fixed with 70% ethanol
(1 hour), were washed, and were stained with alizarin red S
for 10—15 minutes. After the removal of the unreacted dye,
the mineralized nodules were identified as red spots. Then,
the alizarin red S staining was released from the cell matrix by
incubating the samples in 10% cetylpyridinium chloride for
15 minutes. The alizarin red S concentration was determined
by measuring the absorbance at 562 nm.**?

Bone mineral binding ability in vitro

The adhesion between the bone-like substrates and the bone-
targeting NPs was demonstrated in vitro. The binding capacity
of NPs to HAp was evaluated using a method similar to that
described in some previous reports.??’ In brief, NPs loaded
with the hydrophobic fluorescent dye ODA-FITC were
used at a dilution of 4 mL (0.8 mg/mL of NPs equivalent).
Their initial fluorescence emission intensities were measured
(Ex [excitation wavelength] =516 nm, Em [emission wave-
length] =532 nm, slit [width of slit] =5 nm, U [voltage of the
photomultiplier] =700 V) using a fluorescence spectrometer
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(F-2500; Hitachi Ltd, Tokyo, Japan). Then, 25 mg of HAp with
Ca,(PO,),(OH), was added to 4 mL each of the ODA-FITC-
loaded NPs. These suspensions were shaken under mechanical
stirring at 60 rpm for 3 hours to allow for the adsorption of
the ODA—FITC-loaded NPs onto the HAp. The amount of
the ODA-FITC-labeled NPs adsorbed was determined by
measuring the difference between the fluorescence emission
intensity of the initial stock solution and that of the supernatant
after adsorption, according to the following equation:

HAp absorption I -1
PabsotPion _ o= % 100% (5)
affinity

t0

where I jand I are the fluorescence emission intensities of
the initial NP stock solution and that of the supernatant after
3 hours adsorption, respectively.

In vivo evaluation of the bone-targeting

NPs in mice

The in vivo bone-targeting capacities of PLGA NPs and
TC—PLGA NPs labeled with DiR, a lipophilic fluorescence
dye, were evaluated in US Institute of Cancer Research (ICR)
mice. The ICR mice were divided into two groups, one of
which was administered with the PLGA NPs (the control) and
the other with the bone-targeting TC—PLGA NPs. For each
experiment, three animals per group were used, and 0.2 mL
of the NPs (4 mg/mL) was injected into the tail veins of each
mouse. After the injection, all the animals had free access to
food and water. After 48 hours, the animals were sacrificed,
and the major organs (heart, liver, spleen, lung, kidney, femur,
tibia, and fibula) were collected. The fluorescent signals in
these organs from three mice in each group were detected
using the Maestro EX in vivo imaging system (Cambridge
Research & Instrumentation, Inc, Woburn, MA, USA). The
distribution of the fluorescent intensities as a percentage of
the NPs was calculated from the following equation:

Distribution of fluorescent A,
= e _5700%  (6)
A, %20

intensities (%)
where A represents the fluorescent intensities of the
major tissues and A, represents the fluorescent intensities
of DiR-loaded NPs in suspension at the same injected dose
at a concentration of 5%.

Animal pharmacodynamics to evaluate

NP bone targeting
Twenty female Sprague Dawley rats (200-250 g each) were
used. The animals were randomly assigned to five groups of

four animals per treatment group as follows: group 1 control
sham-operated rats (SHAM); group 2, ovariectomized rats
(OVX); group 3, ovariectomized rats that were intravenously
injected with SIM at a dose of 0.5 mg/kg/2 days (OVX +
SIM); group 4, ovariectomized rats that were intravenously
injected with SIM-loaded PLGA NPs ata dose of 0.5 mg/kg/2
days (OVX + SIM-loaded NPs); and group 5, ovariectomized
rats that were intravenously injected with SIM-loaded TC-
PLGA NPs ata dose of 0.5 mg/kg/2 days (OVX + SIM-loaded
TC-NPs). All rats except those in group 1 were bilaterally
ovariectomized under anesthesia using pentobarbital sodium
(40 mg/kg),”® whereas the rats of group 1 were subjected to a
sham operation under the same conditions of anesthesia and
abdominal invasion. The injection of SIM-loaded NPs started
1 month after the bilateral ovariectomy or sham operation
and continued for 2 months. After 2 months of injection, all
animals were sacrificed. The left femurs of the animals were
isolated and the bone mineral density (BMD) was measured
using a dual-energy X-ray absorptiometer (GE Healthcare
Bio-Sciences Corp., Piscataway, NJ, USA).?3° The repair of
BMD as a percentage of the total bone was calculated from
the following equation:

Recovery of bone
mineral density (%) "~ BMD

BMD, - BMD_
~ BMD

sham ovx

(7

where BMD g BMD_ and BMD, represent the BMD of
bone belonging to the rats of the administration, OVX, and
SHAM groups, respectively.

Statistical analysis

The data were expressed as the mean + standard deviation
(SD) unless noted otherwise. The statistical analyses of the
data were performed using Student’s #-test. Differences
characterized by P<<0.05 were considered statistically
significant.

Results and discussion

Synthesis and characterization of
TC-PLGA_ copolymers

2000
The TC-PLGA, = was successfully synthesized by the
with

2000
direct conjugation of the carboxyl group of PLGA,

the hydroxyl group of TC via an esterification reaction, as
described in Figure 1. To characterize the TC-PLGA,
the product was evaluated by 'H-NMR spectroscopy. As
shown in Figure 2A, the '"H-NMR spectra revealed peaks
at 7.0-8.0 ppm that corresponded to the hydrogens of the
benzene ring of TC. In Figure 2B, the peak at 4.0-6.0 ppm
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Figure | Synthesis route of TC-PLGA, .
Abbreviations: PLGA, poly(lactic-co-glycolic acid); TC-PLGA
HOBt, hydroxybenzotriazole.

2000"

represents the methylene and methylidyne hydrogens of the
PLGA copolymers. In Figure 2C, we observed all of the
above-mentioned characteristics, as well as a peak at 13 ppm
corresponding to the carboxyl of PLGA, which indicated
that the carboxyl group of PLGA, |
hydroxyl group of TC. These results all indicated that the
synthesis of the TC-PLGA

had conjugated with the

»000 Was successful.

Properties of blank and SIM-loaded PLGA

NPs and TC-PLGA NPs

As shown in Table 1, the sizes of the blank PLGA NPs, SIM-
loaded PLGA NPs and TC-PLGA NPs were approximately
220 nm. The TC graft had no significant effect on the par-
ticle size (P>0.05). The polydispersity index (PI) of these
particles was approximately 0.3. These results demonstrated
the narrow size distribution of the NPs.

The NP size was further confirmed by using TEM. As
shown in Figure 3, the blank and SIM-loaded NPs were all
spherical or spherical-like particles, and were uniform in size
and shape, as shown in TEM image (Figure 3). There were
no obvious changes in particle size after TC graft.

2000

tetracycline—poly(lactic-co-glycolic acid) moiety; EDC, |-(3-dimethylaminopropyl)-3-ethylcarbodiimide;

The DL% and EE% are shown in Table 1. The EE% of the
SIM-loaded PLGA NPs was >75%. There were no obvious
changes in EE% after TC graft (P>0.05).

The in vitro drug release behaviors of SIM-loaded NPs are
shown in Figure 4. The SIM-loaded PLGA NPs exhibited a
cumulative drug release >80% during a 72-hour time span.
There were no significant differences in drug release profiles
between the normal PLGA NP group and the TC-PLGA NP
group (P>0.05). Hence, the TC graft could be considered to
have no effect on drug release.

Cell culture and evaluation
Cytotoxicity of NPs
Figure SA shows the results of an MTT assay used to assess
the cytotoxic effects of the PLGA NPs and TC-PLGA NPs on
MC3T3-El cells. The results in Figure SA demonstrate that
the PLGA NPs and TC—PLGA NPs had no cytotoxicity, and
that cell viability was nearly 100% at PLGA and TC-PLGA
NP concentrations <100 pg/mL.

To determine the optimum concentration of SIM-
loaded NPs for osteogenic differentiation, we cultured
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A
R S L UL
15 10 5 0
B
COOH of PLGA,,,
A / O-CH, and O-CH
S
15 10 \ |
(.
15 ' 10 5 0

15

Y L A

o
‘ | O-CH, and O-CH
T v v 110 \

S—

15 10

5 0

Value of chemical shift (ppm)

Figure 2 'H-NMR spectra of TC (A), PLGA, ' (B), and TC-PLGA,  (C) samples.

Note: The peaks in the ovals signify the structures of methylene and methylidyne hydrogens of the PLGA copolymers, and hydrogens of the benzene ring of TC,

respectively.

Abbreviations: 'H-NMR, hydrogen spectra of nuclear magnetic resonance; TC, tetracycline; PLGA, poly(lactic-co-glycolic acid); TC-PLGA, , tetracycline—poly(lactic-co-

glycolic acid) moiety; ppm, part per million.

the MC3T3-El cells with varying concentrations of SIM-
loaded NPs. As seen in Figure 5B, SIM-loaded NPs could
reduce the cytotoxic effects and improve the biocompat-
ibility of SIM, especially when the concentration of SIM
was >5x107° mol/L. Meanwhile, the cytotoxic effects of
the SIM-loaded PLGA NPs and the SIM-loaded TC-PLGA
NPs were not significantly different, indicating that the TC
graft had a negligible effect on cell viability.

When the concentrations of SIM were >5x10"" mol/L, the
cells treated with either SIM or SIM-loaded NPs displayed

significant cytotoxic effects, resulting in a decrease in cell
viability compared to the untreated control cells (P<<0.05).
These results suggested that the concentration of SIM should
be kept below 107" mol/L in future experiments testing osteo-
genic differentiation.

Cell uptake investigation

Cellular uptake behaviors of PLGA NPs and TC—PLGA
NPs were evaluated using MC3T3-E1 cells as model cells.
ODA-FITC, which was water-insoluble and had almost no
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Table | Properties of blank and SIM-loaded PLGA NPs and TC-PLGA NPs

Carriers Size (nm) Pl EE% DL%
PLGA NPs 215.3+12.4 0.29+0.01 - -
TC-PLGA NPs 216.5+4.9 0.31+0.01 - -
SIM/PLGA NPs 225.4+11.3 0.33+0.02 80.97+3.96 3.89+0.18
SIM/TC-PLGA NPs 224.9+10.3 0.28+0.01 75.92+2.12 3.6510.10

Note: Data represent the mean + standard deviation (n=3).

Abbreviations: Pl, polydispersity index of the particle size; EE%, entrapment efficiency in percentages; DL%, drug loading in percentages; NPs, nanoparticles; TC, tetracycline;
PLGA, poly(lactic-co-glycolic acid); TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; SIM, simvastatin.

release in culture medium, was used as a label to quantify
the internalization of the NPs into the cells. As shown in
Figure 6, the uptake of NPs by MC3T3-E1 cells increased
with passing time. After 24 hours, the uptake percentage was
approximately 8.91% for the ODA-FITC-loaded PLGA NPs
but was just 6.67% for the ODA-FITC-loaded TC-PLGA
NPs, which also showed a weak decline over time. This
may have been because the TC graft on the surface of the
PLGA NPs may have improved the hydrophilicity of the

A | pLGA NPs

PLGA NPs, leading to a decrease in the ability of the NPs
to be internalized.

Effects of SIM-loaded NPs on mineralized
nodule formation

We tested the effects of SIM-loaded NPs on osteoblast dif-
ferentiation, as evidenced by mineralization. MC3T3-E1

cells were cultured in osteogenic differentiation medium
for 14 days with SIM-loaded PLGA NPs and SIM-loaded

Figure 3 TEM images of blank NPs and SIM-loaded PLGA or TC-PLGA NPs: PLGA NPs (A); TC-PLGA NPs (B); SIM-loaded PLGA NPs (C); and SIM-loaded TC-PLGA

NPs (D).

Abbreviations: TEM, transmission electron microscopy; NPs, nanoparticles; SIM, simvastatin; PLGA, poly(lactic-co-glycolic acid); TC-PLGA, tetracycline—poly(lactic-co-

glycolic acid) moiety.
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Figure 4 In vitro release profiles of SIM from different formulations.

Note: The data are plotted as the mean + SD (n=3).

Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); SIM, simvas-
tatin; TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; h, hours; SD,
standard deviation.

TC-PLGA NPs. The medium used in our in vitro experiments
to induce osteogenic differentiation contained 50 pg/mL
ascorbic acid and 10 mM B-glycerophosphate. This is a
widely employed standard medium in osteogenic differentia-
tion studies?*?> and has been reported to possess osteogenic
activities.>! Due to its necessary involvement in the cell cul-
ture studies, we also examined the osteogenic effects of this
medium, and we used differentiation medium treatment as a
background in order to assess the actual osteogenic activities
of the SIM-loaded NPs.

As shown in Figure 7, treatments with free SIM and
SIM-loaded NPs all yielded an increase in cell mineraliza-
tion over that of the differentiation medium-treated cells.
The increase in the activity was significant both at SIM

A
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2
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)
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B
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Figure 5 Cytotoxic effects of PLGA NPs and TC-PLGA NPs against MC3T3-E| cells at 48 hours (A). Cytotoxic effects of SIM, SIM-loaded PLGA NPs, and SIM-loaded

TC-PLGA NPs against MC3T3-E| cells at 48 hours (B).

Notes: The data are plotted as the mean + SD (n=3). Significant differences against the control, *P<0.05.
Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; Conc, concentration;

SD, standard deviation.
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Figure 6 (A) Fluorescence images of NPs” uptake in MC3T3-El cells after cells were incubated with ODA-FITC/PLGA NPs and ODA-FITC/TC-PLGA NPs for different
times. (B) Quantitative uptake percentage of ODA-FITC/PLGA NPs and ODA-FITC/TC-PLGA NPs in MC3T3-E| cells for different times.

Notes: Data represent the mean  SD (n=3). Significant differences against the control, *P<<0.05. (A) The magnification is 200x.

Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); ODA, otcadecylamine; TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; FITC, fluorescein

isothiocyanate; SD, standard deviation; h, hours.

concentrations of 10~ mol/L and 107" mol/L, though the
SIM concentration of 10~ mol/L had a better effect on cell
mineralization. The effects of SIM, SIM-loaded PLGA
NPs, and SIM-loaded TC-PLGA NPs on the formation of
mineralized nodules were not significantly different at the
same concentrations, indicating that the interference of the
PLGA NPs and TC-PLGA NPs with osteogenic differentia-
tion was negligible.

Bone mineral binding ability

Apatite is the main component of bone in its natural
state. In vertebrate bones, this inorganic material is
known as hydroxyapatite Ca,(PO,)(OH),, or carbonated
hydroxyapatite. A HAp binding assay was performed
in vitro (Figure 8A), and the affinity of the bone-targeting
NPs for HAp are shown in Figure 8B. The data presented

in Figure 8B clearly demonstrate that the proportion of
the TC-PLGA NPs bound to HAp (87.94%) was greater
than the proportion of bound PLGA NPs (18.59%). These
results indicated that after grafting, TC could still maintain
its affinity for HAp and that the ability for bone targeting of
PLGA NPs was improved.

In vivo distribution assay

An in vivo biodistribution assay in ICR mice was performed
to further examine the bone-targeting ability of TC-PLGA
NPs. Figure 9B shows the accumulation of the NPs in the
skeleton (represented by the femur, tibia, and fibula). The
fluorescent intensities were evaluated through both NP
groups (DiR-loaded PLGA NPs and DiR-loaded TC-PLGA
NPs), which reached the skeleton 48 hours after intravenous
administration via the tail vein in mice. After 48 hours, the
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Figure 7 Effects of SIM/NPs on mineralization of extracellular matrix by MC3T3-E| cell culture: mineralization of extracellular matrix by optical microscope and macroscopic
observation (A), and quantitative mineralization results (B).

Notes: The data are plotted as the mean + SD (n=3). Significant differences against controls, *P<<0.05; **P<<0.01. (A) The magnification is 100x.

Abbreviations: NPs, nanoparticles; AR-S, alizarin red S dye; PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety;
Conc, concentration; SD, standard deviation.
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Supernatant was detected by
fluorescence spectrometer
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Figure 8 HAp adsorption affinity experiments using the hydrophobic fluorescent dye ODA-FITC as a drug model (A) and their results (B).

Notes: The data are plotted as the mean + SD (n=3). Significant differences against the control, ¥**P<<0.01.

Abbreviations: HAp, hydroxyapatite powder; FITC, fluorescein isothiocyanate; ODA-FITC, otcadecylamine—fluorescein isothiocyanate moiety; NPs, nanoparticles;
PLGA, poly(lactic-co-glycolic acid); TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; SD, standard deviation; h, hours.
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Figure 9 Fluorescent images of DiR-loaded PLGA NPs (a), and DiR-loaded TC-PLGA NPs taken 48 hours after nanoparticle transport into ICR mice and their quantitative

results (b). Fluorescent images of the major tissues (A), and fluorescent images of the femur, tibia, and fibula bones (B); quantitative results of the major tissues (C), and
quantitative results of the femur, tibia, and fibula bones (D).

Notes: The data are plotted as the mean £ SD (n=3). Significant differences against the control, ¥*P<<0.05.

Abbreviations: ICR, US Institute of Cancer Research; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety;
SD, standard deviation.
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fluorescent intensities of DiR in the bone due to the TC-
PLGA NPs were clearly higher than those due to the PLGA
NP control. These data were then quantified from the
fluorescent intensities, and the results are shown in Figure 9D.
The tissue distributions of the fluorescent intensities clearly
indicated that 80.5% more DiR-loaded TC-PLGA NPs were
present in the femur, tibia, and fibula than in the DiR-loaded
PLGA NPs. Therefore, the TC—-PLGA copolymer has a
tendency to target and to accumulate in bone.

Additional in vivo tests evaluating the whole-body distri-
bution of NPs are needed to indirectly determine the efficacy
of these targeted nano-polymeric delivery systems. As shown
in Figure 9A, the fluorescence signals were detected mainly in
the liver and spleen, and were barely detectable in the lungs,
kidneys, and heart of the mice from the PLGA NP control
group. Meanwhile, the fluorescence signals observed in the
spleen and liver of the mice from the TC—PLGA NP group
were significantly reduced. The fluorescence signals were
also barely detectable in the heart, lungs, and kidneys of the
rats from the TC—PLGA NP treatment group. The reason for
the accumulation of the NPs in the liver and spleen was that
the macrophage cells in these organs play a role in uptake
and phagocytosis.?

The whole-body distribution data were also quantified
from the fluorescence intensities, and the results are shown
in Figure 9C. It is worth mentioning that compared to the
DiR-loaded PLGA NPs, 37.6% and 24.0% fewer DiR-loaded
TC—PLGA NPs were present in the liver and spleen, respec-
tively. The results showed that TC—PLGA NPs could reduce
the trapping of NPs in the liver and spleen, reducing side
effects in other organs caused by drugs. This can be taken
as indirect evidence that TC—PLGA NPs have a tendency to
target and accumulate in bone.

A 020 *
]

=

Femur

Animal pharmacodynamics evaluation of
bone-targeting NPs

Twelve weeks after ovariectomy operation, four animals died,
one in the SHAM group and three in ovariectomized rats.
As shown in Figure 10A, the femur BMD was distinctly
different between the two groups (P<<0.01), with values of
0.185%0.003 g/cm? in the SHAM group and 0.149+0.004 g/cm?
in the OVX group, indicating the success of the osteoporotic
model established in ovariectomized rats.

Eight weeks after treatment, all of the animals were sac-
rificed. As shown in Figure 10A, the femur BMD between
groups 2 (OVX), 3 (OVX + SIM), and 4 (OVX + SIM-
loaded NPs) showed no significant differences (P>0.05).
However, compared to group 2 (OVX), the femur BMD in
group 5 (OVX + SIM-loaded TC-NPs) was increased by
6.71%. The recovery of BMD in the femur was 4.14% in
group 3 (OVX + SIM), 2.07% in group 4 (OVX + SIM-
loaded NPs), and 17.59% in group 5 (OVX + SIM-loaded
TC-NPs).

The caput femoris BMD was also measured, as shown in
Figure 10B. A statistically significant increase in the caput
femoris BMD was observed. The caput femoris BMD was
increased by 9.47% in group 3 (OVX + SIM), 7.92% in
group 4 (OVX + SIM-loaded NPs), and 17.04% in group
5 (OVX + SIM-loaded TC-NPs) when compared to the
group 2 (OVX) group. The recovery of the caput femoris
BMD was 35.26% in group 3 (OVX + SIM), 29.49% in
group 4 (OVX + SIM-loaded NPs), and 63.46% in group 5
(OVX + SIM-loaded TC—NPs). The better recovery of the
caput femoris from osteoporosis may be because cancel-
lous bone structures such as the caput femoris are more
sensitive than cortical bone to the inducement of osteoblast
differentiation.
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Figure 10 Bone mineral density (BMD) of the femur (A) and caput femoris (B) in ovariectomized Sprague Dawley rats after 8 weeks of treatment.
Notes: The data are plotted as the mean + SD (n=4). Significant differences against the control, *P<<0.05.
Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; TC-PLGA, tetracycline—poly(lactic-co-glycolic acid) moiety; SHAM, control sham-

operated rats; OVX, ovariectomized rats; SD, standard deviation.
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Overall, the results demonstrated that the TC-PLGA NPs
have a good ability to target bone and to achieve high bone
tissue drug accumulation, improving the curative effects
of SIM on osteoporosis. These NPs may act as a delivery
system for hydrophobic drugs and are expected to reduce
the required drug dose administered or to reduce the side
effects of drugs in other organs, thereby improving the cura-
tive effects of SIM.

Conclusion

Two types of NPs (PLGA NPs and TC-PLGA NPs) were
designed and prepared, and then their bone-targeting abil-
ity and curative effects on osteoporosis were assessed.
'H-NMR was used to confirm that the final TC-PLGA,,
product was successfully synthesized. The average particle
size was approximately 220 nm for the two types of copo-
lymer NPs, and the SIM-loaded NPs exhibited a cumulative
release of up to 80% within 72 hours in vitro. The in vitro
cell evaluation indicated that the NPs had excellent cellular
uptake ability and great biocompatibility with MC3T3-El
cells, which would reduce the cytotoxic effects of SIM. The
cell mineralization assay showed that the SIM-loaded NPs
induced osteogenic differentiation and mineralized nodule
formation in MC3T3-El1 cells, thus achieving the same effect
as SIM. In addition, the TC moiety of the TC-PLGA NPs
had enhanced bone-binding capacity when binding to apatite
mineral surfaces, due to its affinity for HAp.

Biophotonic imaging technology was also used to exam-
ine the organ distribution of the DiR-labeled areas or of the
fluorescent dye delivered by the PLGA and TC—PLGA NPs
in ICR mice. The intensity of the intraosseous fluorescence
signal was stronger in the bone after injection with the
TC-PLGA NPs than after treatment with the PLGA NPs.
The animal pharmacodynamics of treatment of osteoporo-
sis in ovariectomized rats suggested that the SIM-loaded
TC—PLGA NPs could improve the curative effects of SIM
on the recovery of DMD compared to either the SIM-loaded
PLGA NPs or free SIM. The bone-targeting NPs, based on
the conjugation of TC to PLGA copolymers, had the ability
to target bone, and their use for the treatment of osteoporosis
with SIM was successfully achieved. These NPs may act as
a delivery system for hydrophobic drugs and are expected
to reduce the drug dose required for administration or to
reduce the side effects in other organs, thereby improving
the curative effects of SIM.
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