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ABSTRACT: Hormone replacement therapy (HRT) plays an important
role in the treatment and prevention of osteoporosis. Here, 17/-estradiol A =
(E2)-loaded PEGlyated upconversion nanoparticles (E2-UCNP@pPEG) [ {&
were synthesized that retained E2 bioactivity and improved delivery \:

Pre-osteoblasts

; ‘ j Incubatlon ’0 ( —
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efficiency over a relatively long time-period. E2-UCNP@pPEG was p—— Bone
. . . . . E2-UCNP@PpPEG
synthesized and characterized using transmission electron microscopy
(TEM), X-ray diffraction (XRD), and Fourier transform infrared (FTIR), I HNA 7N
among other methods. The loading efficiency of E2 was determined to be (9 é Cé\

14.5 wt %, and the nanocarrier effectively facilitated sustained release.
Confocal upconversion luminescence (UCL) imaging using the CW 980 nm
laser as excitation resource revealed significant interactions of E2-UCNP@
pPEG with preosteoblasts. E2-UCNP@pPEG treatment of preosteoblasts
induced positive effects on differentiation, matrix maturation, and
mineralization. Moreover, in situ and ex vivo UCL imaging studies disclosed
that E2 encapsulated in the nanocomposite was passively delivered to bone. Our results collectively suggest that this
nanoreservoir provides an effective drug-loading system for hormonelike drug delivery and support its considerable potential as a

Ay

therapeutic agent for osteoporosis.
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1. INTRODUCTION

Osteoporosis is a skeletal disease characterized by low bone
mass and microarchitectural deterioration, resulting in
increased bone fragility and subsequent susceptibility to
fracture." The increasing prevalence of osteoporosis has led
to a considerable decline in quality of life in the elderly because
of susceptibility to disease-associated fractures.” Bone mass is
maintained by two phases of bone remodeling, specifically,
osteoblast-mediated bone formation and osteoclast-mediated
bone resorption, that are normally in dynamic equilibrium.
Osteoporosis occurs when the balance collapses, and bone
resorption is greater than bone formation.” Estrogen induces
suppression of osteoclast bone resorption, both in vivo and in
vitro,* and enhances osteoblast differentiation and bone
formation.> 17f-estradiol (E2), an estrogen compound, has
been shown to inhibit bone resorption, enhance bone
formation in tibia and femur in ovariectomized rats’® and
reinforce proliferation and differentiation of osteoblasts.”
Accordingly, hormone (estrogen) replacement therapies
(HRT) play an important role in the treatment and prevention
of osteoporosis.® However, studies have shown that long time
use of estrogen increases the risk of diseases, such as breast and
ovarian cancer, uterine bleeding, and hyperplasia.9’10 The
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occurrence of myocardial infarction and cardiovascular disease
are also increased."" Oral administration is the main method of
estrogen intake, but metabolism mainly occurs in the
gastrointestinal tract and liver. The plasma concentration of
estrogen fluctuates, and high doses are required to achieve the
necessary therapeutic effect. Intravenous administration triggers
a rapid increase in levels in blood, fast clearance, and pain from
the use of injection needles. These potential drawbacks restrict
the clinical use of HRT. Therefore, an effective means of
improving bioavailability and reducing side-effects are essential
for successful application of this therapy.

The use of nanoparticles for drug delivery decreases toxicity
and side effects to normal tissues, improves targeting of the
drug to given sites, and maintains the activity of hydrophobic
drugs."”" Among them, the use of upconversion nano-
phosphors (UCNPs) as a promising nanocarrier for loading
drugs has attracted considerable research attention in recent
years. Upconversion luminescence (UCL) is an anti-Stokes
procedure that converts low-energy photons into high-energy
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photons."* On the basis of near-infrared (NIR) excitation in the
optimal window for organisms,"> UCNPs serve as excellent
optical trackers for drug delivery with superior properties, such
as lack of photodamage for biological tissue,'® no autofluor-
escence,'’ no photobleaching,'® and promotion of penetration
depth."” Recently, a few groups have demonstrated the rational
strategy of UCNP-based drug delivery and monitoring
systems,”*~** and most of them focused on the loading of
doxorubicin (DOX) for tumor therapy. To date, no
upconversion nanosystem has been reported for osteoporosis
therapy application.

Here, we designed and synthesized an E2-loaded upconver-
sion nanosystem (E2-UCNP@pPEG) for bone targeting.
Considering that PEGylated nanoparticles possess an excellent
stealth effect to mononuclear phagocyte system (MPS) and are
more inclined to target bone,”*** we coated amphiphilic block-
polymer C;sPMH-PEG (pPEG, Scheme 1) onto the surface of

Scheme 1. Schematic Synthesis Illustration of the
Upconversion Nanosystem (E2-UCNP@pPEG)”

NaYF,: Yb,Er (Tm)
B NaLuF,
« .+ 17B-estradiol

“Nanosystem was synthesized by coating an amphiphilic block-
polymer C,;PMH-PEG (pPEG) on core—shell nanocrystal NaY-
F,:Yb,Er@NaLuF, (UCNPs) and then loading 17f-estradiol (E2) into
the surface hydrophobic layer.

hydrophobic oleic acid (OA)-coated core—shell upconversion
nanocrystal (UCNP) NaYF,:Yb,Er@NaLuF, to fabricate a
hydrophilic nanostructure (UCNP@pPEG) on the basis of the
hydrophobic—hydrophobic interaction. Then, hydrophobic E2
was loaded into the hydrophobic layer of UCNP@pPEG to
form E2-UCNP@pPEG (Scheme 1). The external PEG chains
formed a barrier to retain camouflaging of particles and entrap
E2. Biosafety and biological effects of the nanocomposite in
preosteoblasts were investigated in vitro. Notably, the newly
designed nanosystem had bone-targeting potential, therefore
providing an effective model for studying the behavior of
nonfluorescent drugs, both in vitro and in vivo.

2. EXPERIMENTAL SECTION

2.1. Materials. Rare-earth oxides (RE,Os;, 99.999%, RE* = Y*,
Er*, Yb**, and Tm?®") were purchased from Beijing Lansu Co., Ltd.
Oleic acid (OA) (>90%), 1-octadecence (ODE) (>90%), and 17p-
estradiol (E2) were purchased from Sigma Co., Ltd. NaOH, NH,F,
ethanol, cyclohexane, and hydrochloride solution (37 wt %) were
purchased from Sinopharm Chemical Reagent Co., China. Rare-earth
chlorides (RECl;, RE* = Y**, Lu*, Yb*, Er’*, and Tm>*) were
prepared by dissolving the corresponding rare-earth oxide in 10 wt %
hydrochloride solution at elevated temperature and then evaporating
the water completely.*® All other chemical reagents were analytical-
grade and were used directly without further purification. Deionized
water was used throughout the experiments. Poly(maleic anhydride-
alt-1-octadecene)—poly(ethylene glycol) (C,sPMH-PEG)* was pre-
pared according to the literature.
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2.2. Characterization. Powder X-ray diffraction (XRD) measure-
ments were carried out on a Bruker D4 diffractometer (Cu Ka
radiation, 1 = 1.54056 A) at a scanning rate of 1°/min in the 26 range
of 10—90°. The size and morphology of UCNPs were determined at
200 kV wusing a Tecnai G2 20 TWIN low-to-high-resolution
transmission electron microscope (TEM). Energy-dispersive X-ray
(EDX) analysis and elemental mapping of UCNPs were also recorded
during high-resolution TEM (HR-TEM) measurements. The standard
TEM samples were prepared by dropping a diluted cyclohexane
solution of UCNPs onto the surface of a copper grid. Fourier
transform infrared (FTIR) spectra were obtained from samples in KBr
pellets using an IRPRESTIGE-21 spectrometer (Shimadzu). Ultra-
violet—visible (UV—vis) absorption spectra were recorded on a
Shimadzu UV 2550 spectrometer. The upconversion luminescence
(UCL) spectra were recorded on Edinburgh FLS-920 instrument
using an excitation source of external 0—3 W adjustable 980 nm
semiconductor laser (Connet Fiber Optics, China), instead of the
xenon source in the spectrophotometer. All the photoluminescence
studies were carried out at room temperature.

2.3. Synthesis of Nanomaterials. 2.3.7. Synthesis of NaY-
F4Yb,Er (or NaYF,:Yb,Tm) Nanocrystal. The NaYF,:Yb,Er nanocryst-
als were prepared by a solvothermal method.*® In a typical procedure,
1 mmol of RECl; (RE* = Y*, Yb*, and Er**) with a molar ratio of
78:20:2 or 1 mmol of RECl; (RE* = Y**, Yb*, and Tm>*) with a
molar ratio of 79:20:1 was added into a mixture of 6 mL of OA and 15
mL of ODE in a three-necked flask (100 mL) at room temperature.
Then, the mixture was heated to 140 °C to remove water and oxygen
with vigorous magnetic stirring under vacuum for several minutes,
forming a clear solution. After cooling to room temperature, 5 mL of
methanol solution of NH,F (4 mmol) and NaOH (2.5 mmol) was
slowly added into the flask and stirred for 20 min. After being heated
to 100 °C for 20 min to remove the methanol, the solution was heated
to 300 °C and maintained for 1 h under a N, atmosphere. Upon
cooling to room temperature, the nanoparticles were precipitated by
adding excess amounts of absolute ethanol into the reacted solution
and then collected by centrifugation. After being washed with absolute
ethanol and cyclohexane three times, nanoparticles were dispersed in
10 mL of cyclohexane for the next step.

2.3.2. Synthesis of Core—shell Nanocrystals NaYF ,:Yb,Er@NalLuF,
(or NaYF,;Yb,Tm@NaluF,) (UCNP)s. Similarly, NaYF,:YbEr@
NaLuF, (or NaYF,:Yb,Tm@NaLuF,) core—shell nanocrystals were
synthesized by a modified solvothermal method.*® The NaLuF, shell
precursor was prepared by dissolving 1 mmol LuCl; in 6 mL of OA
and 15 mL of ODE in a 100 mL flask followed by heating at 140 °C
for 30 min. After cooling down to room temperature, NaYF,:Yb,Er (or
NaYF,:Yb,Tm) core nanoparticles dispersed in 3 mL of cyclohexane
was added dropwise into the solution. Then the mixture was kept at 80
°C for 20 min to remove cyclohexane and cooled to room
temperature. Then S mL of methanol solution of NH,F (4 mmol)
and NaOH (2.5 mmol) was added. After being heated to 100 °C for
20 min to remove the methanol, the solution was heated to 300 °C
and maintained for 1 h under a N, atmosphere. Upon cooling to room
temperature, the nanoparticles were precipitated by adding an excess
amount of absolute ethanol into the reacted solution and then
collected by centrifugation. Then the product was washed by absolute
ethanol and cyclohexane for three times and dispersed in cyclohexane
prior to being used.

2.3.3. Synthesis of UCNP@pPEG. In a typical process, C,;PMH-
PEG (pPEG, 10 mg) and the core—shell UCNPs (10 mg) were
dispersed separately in chloroform (S mL) and then mixed together
and stirred for 2 h to evaporate the chloroform. Then, the rest of the
materials were washed with water and dispersed easily in water.”

2.4. Loading of 17p-Estradiol (E2) into UCNP@pPEG. E2 (5
mg) dissolved in DMSO (S0 uL) was added dropwise into an aqueous
solution of UCNP@pPEG. The mixture was then stirred overnight.
Free E2 was removed by centrifugation at 15 000 rpm for 10 min. The
precipitate was washed with water for three times. The as-obtained
precipitate (E2-UCNP@pPEG) was resuspended by a brief sonication
to form a homogeneous clear solution.’® The loading capacity of E2-
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Table 1. Sequences of Primers for RT-PCR

gene forward primer (5'—3") reverse primer (5'—3")
GAPDH GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
OPN GCTTGGCTTATGGACTGAGG GGCTTTGGAACTTGCTTGAC
OPG CCATCTTTCTGCTCACTCTGC ACGGGATACACACACCCTCT
Col-1 TTCGTGGTTCTCAGGGTAGC TCCTTGGTTAGGGTCAATCC

UCNP@pPEG was calculated using the UV—vis absorption spectros-
copy.

2.5. Release Property of 17f-Estradiol (E2) from E2-UCNP@
pPEG. E2-UCNP@pPEG (2 mg/mL) was dispersed in 3 mL of
phosphate buffer saline (PBS, pH 7.4) at 37 °C. A small aliquot of the
solution was taken at given time intervals, and the concentration of
supernatant containing released E2 were determined by UV-—vis
spectroscopy.>*

2.6. Cell Culture. Preosteoblasts (a murine calvarial cell line) were
purchased from the cell resource center of Shanghai Institutes for
Biological Sciences (SIBS). Preosteoblasts were cultured in a-modified
minimal essential medium (a-MEM; GIBCO) with 10% fetal bovine
serum (FBS), 1% folic acid and inositol, 100 U/mL penicillin, and 100
pug/mL streptomycin. The cells were maintained at 37 °C in a
humidified 5% CO, atmosphere, and every 2—3 days, the culture
medium was changed.

2.7. Viability Assay. The in vitro viability assay was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma-Aldrich, USA) assay. Preosteoblasts were seeded
in a-MEM with 10% FBS on 96-well plates. After 24 h, the medium
was replaced with phenol-red-free a-MEM containing 5% charcoal-
stripped (CS)-FBS (Biological Industries) in the presence of E2-
UCNP@pPEG with inner 17f-estradiol (Sigma-Aldrich, USA) at
different concentrations (107, 1075, 1077, and 107® mol/L); the
concentration of the group with 17f-estradiol alone was 10~7 mol/L.
After completion of the treatment, which was maintained for 1, 3, and
7 days, cells were washed with PBS, and 10 yL of S mg/mL MTT was
added to the cells and incubated for 4 h at 37 °C. The medium was
then removed, and 150 pL of dimethyl sulfoxide was added per well.
The plates were kept on a rocker shaker for 15 min at room
temperature, and the optical density of each sample was measured with
a microplate reader (Biotek, USA) at 570 nm.

2.8. Alkaline Phosphatase Activity and Staining Assay.
Preosteoblasts were suspended in @-MEM containing 10% FBS, and
plated at a density of 1.5 X 10* cells per well into 24-well chambers.
After 24 h, the medium was replaced with phenol-red-free a-MEM
containing 5% CS-FBS, 10 mmol/L f-glycerophosphate (f-GP), and
50 pg/L r-ascorbic acid. Cells were cultured with E2 (1077 mol/L),
E2-UCNP@pPEG with an inner E2 concentration of 1077 mol/L, or
UCNP@pPEG. Each treatment was maintained for 3, 7, and 14 days,
with culture medium changes every 2—3 days. After treatment, the
medium was removed, and the cell monolayer was gently washed twice
with PBS and lysed with 0.2% Triton X-100. Cell lysates were
centrifuged at 12 000 g for 10 min, and the clear supernatant was used
for measurement of alkaline phosphatase (ALP) activity and protein
concentration. ALP activity was determined using an ALP assay kit
(Beyotime, Jiangsu, China), and results were normalized to the total
intracellular protein content of the sample, which was quantified using
the bicinchoninic acid (BCA) protein assay kit (Beyotime), according
to the manufacturer’s instructions.

For ALP staining, preosteoblasts were seeded into six-well plates at
a density of 5 X 10* cells per well. After treatment with E2, UCNP@
PPEG, and E2-UCNP@pPEG for 7 days, the medium was removed,
and the cell monolayer was gently washed three times with PBS and
fixed with 4% paraformaldehyde for 15 min. Cells were stained using
the BCIP/NBT alkaline phosphatase staining assay kit (Beyotime), in
accordance with the manufacturer’s protocol.

2.9. Alizarin Red Staining. Alizarin red staining was used to assess
the formation of mineralized matrix nodules. Preosteoblasts were
seeded into six-well plates. After 24 h, the medium was replaced with
phenol-red-free a-MEM containing 5% CS-FBS, 10 mmol/L S-GP,
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and S0 pg/L r-ascorbic acid. Adherent cells were treated with E2,
UCNP@pPEG, or E2-UCNP@pPEG for a period of 21 days. For
staining, cells were fixed with 4% paraformaldehyde for 15 min at
room temperature and rinsed twice with PBS (pH 4.2). Cultures were
stained with 2% alizarin red (Sigma, USA) for 30 min. Images of
stained cells were obtained using a commercial digital camera and light
microscopy analysis (Epson Perfection 4990 Photo Scanner, USA).

2.10. Semiquantitative Reverse Transcription-Polymerase
Chain Reaction. Total RNA was extracted from preosteoblasts
adhered to different substrates after culture for 7 days using the TRIzol
Reagent kit (TaKaRa, Otsu, Japan). The reverse transcription reaction
for ¢cDNA synthesis was carried out using the cDNA Reverse
Transcription Kit (TaKaRa). Four representative genes were selected
for analysis. Amplification was carried out using 1 uL of template, 0.1
UL of TaKaRa Tagq, 2 uL of Taq Buffer (10X, Mg** Plus), 1.6 uL of
dNTP mixture, and 0.4 uL of specific primers (20 mol/L) (Table 1)
for each cDNA in a total reaction volume of 20 yL. The reaction
conditions were as follows: initial denaturation at 94 °C for 1 min,
denaturation at 98 °C for 10 s, annealing at 57 °C for 30 s, and final
extension at 72 °C for 1 min for osteopontin (OPN). For
osteoprotegerin (OPG), the annealing temperature was also 57 °C,
and 28 cycles were used. The annealing temperature for type I collagen
(Col-I) was 56 °C, and the cycle number was 18. PCR products were
analyzed via 2% agarose gel electrophoresis and visualized with
GelRed.

2.11. Statistical Analysis. All results are presented as mean +
standard deviation (SD), obtained from experiments repeated at least
three times. One-way analysis of variance (ANOVA) or Student’s ¢ test
was used to perform statistical comparisons between groups. Statistical
significance was inferred at a probability (P) value of <0.0S.

2.12. In Situ and ex Vivo UCL Imaging. Animal procedures were
in agreement with the guidelines of the Institutional Animal Care and
Use Committee. In situ and ex vivo UCL imaging were carried out
with a modified Kodak in vivo imaging system consisting of an external
0—5 W adjustable CW infrared laser (980 nm, Connet Fiber Optics,
China) as the excited source and an Andor DU897 EMCCD as the
signal collector. UCL signals were collected at 800 + 12 nm.>> Images
of UCL signals were analyzed with Carestream MI SE. Kunming mice
(4 weeks old) were injected intravenously with Tm*'-doped E2-
UCNP@pPEG (200 uL, 1.5 mg/mL) in PBS. The control group was
injected with PBS (200 uL) via tail vein. At 6 h postinjection, we
carried out whole-body imaging without the major organs to expose
the bone. After that, bones (arm, leg, sternum, and spine) were
removed for ex vivo imaging.

2.13. H&E-Stained Tissues. Kunming mice were intravenously
injected with 200 uL of E2-UCNP@pPEG (1.5 mg/mL) and PBS,
respectively. At 24 h postinjection, organs (liver, spleen, heart, lung,
kidney, and bone) were obtained for hematoxylin and eosin (H&E)
staining. The tissues were fixed in paraformaldehyde, embedded in
paraffin, sectioned, and stained with H&E. The histological slices were
observed under an optical microscope. Moreover, the histological
sections of bones were also imaged by confocal microscope.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of E2-UCNP@

pPPEG. Intense upconversion luminescence was successfully
acquired by developing a core—shell nanocomposite with
NaYF,:Yb,Er (or Tm) as the core and NaLuF, as the shell. The
different hosts in core—shell nanocrystals were distinguishable
using TEM. NaYF, core codoped with 20% Yb and 2% Er (or
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1% Tm) was synthesized following a modified solvothermal
method. The pure NaLuF, shell was layered on the surface of
NaYF,:Yb,Er via epitaxial growth®® to obtain NaYF,YbEr@
NaLuF, (or NaYF,:Yb,Tm@NaLuF,) UCNP. Morphological
and structural characterization of core—shell nanoparticles was
carried out via TEM. The NaYF,:Yb,Er core was spherical with
good dispersity and an average size of ~34 nm, as presented in
Figure la—c. XRD peaks were well-indexed to hexagonal phase

oy — L 00—
25 30 35 40 45 50 25 30 35 40 45 50
Diameter (nm) Diameter (nm)

Figure 1. (a) TEM and (b) HR-TEM images of NaYF,:Yb,Er. (c)
TEM and (d) HR-TEM images of NaYF,:YbEr@NaLuF,. Size
distribution of (e) NaYF,:Yb,Er and (f) NaYF,:Yb,Er@NaLuF,.

NaYF, (Powder Diffraction File (PDF) No.16-0334, Interna-
tional Centre for Diffraction Data (ICDD), [2001]; Figure 2).
High crystallinity of nanoparticles was evident, on the basis of
distinct lattice fringes in HR-TEM images (Figure 1b). Figure 1
d—f displays the ~5 nm NaLuF, shell coated onto the surface
of the NaYF,:YDb,Er core. The interplanar spacing of 0.50 nm is
in good agreement with djy spacing of hexagonal NaLuF,.
EDXA revealed the same elements in NaYF,:Yb,Er@NaLuF,,
and NaYF,:Yb,Er, except for the Lu element in NaYF,:Yb,Er@
NaLuF, that displayed a core—shell structure (Figure 2).
Scanning TEM (STEM) images (Supporting Information
Figure S1) clearly confirmed the different hosts in the NaYF,
core and NaLuF, shell layers. In addition, element mapping
images of Lu and Y provided evidence of NaLuF, location on
the outer layer of NaYF,.

An amphiphilic polymer, C;;PMH-PEG (pPEG), was
employed to construct a nanocarrier system for loading and
release of hydrophobic 17f-estradiol (E2). As illustrated in
Scheme 1, oleic acid (OA)-capped UCNP interacts with pPEG
through hydrophobic—hydrophobic interactions, thus convert-
ing hydrophobic UCNP to a hydrophilic entity with PEG
chains on the outside layer. Moreover, the hydrophobic inter
layer was used to load E2. The constructure of nanosystem E2-

NaYF :Yb,Er NaYF,:Yb,Er|

@NaluF,

Intensity (a.u.)m

. Intensity (a.u.)

15 20

10
KeV KeV

NaYF ,:Yb,Er
NaYF,:Yb,Er@NalLuF,

JCPDS 16-0334
‘ | B-NaYF,
In | | | | 1 1l L

JCPDS 27-0726
B-NaLuF,
10.20'30405060;0'80.90
2-Theta (degree)

Figure 2. (a) EDXA patterns of NaYF,:YbEr and NaYF,:YbEr@
NaLuF,. (b) XRD patterns of NaYF,:YbEr and NaYF,YbEr@
NaLuF, and the standard XRD patterns of -NaYF, and f-NaLuF,
(PDF No. 16-0334 and 27-0726, ICCD, [2001]).

Intensity (a.u.)

UCNP@pPEG was confirmed via FTIR spectroscopy. In the
FTIR spectra of UCNP (Supporting Information Figure S4),
peaks at 2925 and 2853 cm™' represented asymmetric (as) and
symmetric (s) stretching vibrations of long-chain C—H. Peaks
at 3008 cm™' represented stretching vibrations of =C—H,
indicating that UCNP is modified by oleic acid. In the FTIR
spectra of E2-UCNP@pPEG, peaks at 1641 and 1000—1250
cm™' were attributed to C=O and C—O-C stretching
vibrations of pPEG, respectively, representing the pPEG coat
on UCNP. Bands between 1450 and 1650 cm™ in the
spectrum of E2 confirmed the presence of cyclobenzene.
Similar IR absorption spectral peaks were observed for E2-
UCNP@pPEG, indicative of E2 loading in UCNP@pPEG.

UCL spectra of Er**-doped UCNP@pPEG and E2-UCNP@
pPEG were investigated at room temperature under 980 nm
excitation. As shown in Figure 3, UCNP@pPEG in water
exhibited three characteristic intense emission bands centered
at 520, 540, and 653 nm derived from the *H,, , — *I;/», *S; 2
— *Li5)5, and *F,), — “Ij5,, transitions of Er’*, respectively.'’
The intensity of green emission from S15 to 560 nm was
similar to the intensity of red emission at 653 nm, resulting in
yellow emission visible to the naked eye. Notably, the typical
UCL emission spectrum of E2-UCNP@pPEG in water was
comparable with that of UCNP@pPEG, except for lower
emission strength, but was still sufficiently strong to track E2.
Moreover, UCL emission was slightly red after loading E2,
probably because of easier quenching of green emission with
higher energy (Figure 3, inset). The UCL spectrum of Tm?*-
doped E2-UCNP@pPEG is shown in Figure SS (Supporting
Information). Typical emission bands at 450, 475, 646, and 802
nm were assigned to 'D, — °F,, 'G, — *H,, 'G, — °F,, and
3H, — *H, transitions of Tm?*, respectively.

Absorption spectra of pure E2 dispersed in dichloromethane
contained peaks at 278 and 286 nm (Supporting Information
Figure S6). Considering that E2 is released from the
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Figure 3. Room-temperature UCL emission spectra of UCNP@pPEG
and E2-UCNP@pPEG (doped with Er**) dispersed in water (2 mg/
mL) under excitation at 980 nm (power ~ 800 mW). Inset: UCL
photos of UCNP@pPEG and E2-UCNP@pPEG, from left to right,
with a short-pass filter at 720 nm.

nanosystem in organic solvent as pPEG is broken down from
the nanosystem, the loading efficiency of E2 was determined

. . . 29 A
using UV—vis absorption spectroscopy.” As shown in Figure
S7 (Supporting Information), loading efficiency of E2 was
calculated to be 14.5 wt %.

Release behavior of E2 from E2-UCNP@pPEG was
investigated in PBS solution at pH 7.4 (Figure 4). A rapid

70.

60- "

8.

E2 release (%)
8

10 20 30 40 5 60

Time (h)

Figure 4. Release behavior of E2 from E2-UCNP@pPEG in PBS
solution (pH 7.4).

o+

release rate was observed in 12 h, resulting in delivery of more
than 50% of the loading drug. Subsequent release rate was slow,
and >60% drug was released after 60 h. It is worth mentioning
that under pH 5.0 the release rate of E2 from E2-UCNP@
pPEG was similar to that at pH 7.4 which proved that the
release behavior of E2 from E2-UCNP@pPEG is not sensitive
to pH (Supporting Information Figure S8). The results
collectively suggest that this nanosystem can be effectively
used as a sustained release carrier for therapeutic hormones.
3.2. Viability Assay of Preosteoblasts Treated with E2-
UCNP@pPEG. Measurement of cell viability is the main
method used to assess novel drug delivery systems. The MTT
assay provides a sensitive means to evaluate osteoblast
proliferation because cell viability is measured from determi-
nation of dehydrogenase activity in mitochondria. Preosteo-
blasts were cultured with E2-UCNP@pPEG containing differ-
ent concentrations of inner E2 (107, 1078, 1077, and 10~ mol/

L) for 1, 3, or 7 days. Our MTT data revealed no significant
differences in optical density (OD) values between control and
treatment groups at 1, 3, and 7 days (P > 0.0S, Figure S).
Accordingly, we conclude that E2-UCNP@pPEG is relatively
nontoxic to cells.

o157 -e- Control

) = E2(107 mollL)
o} -+ 10° mol/L

g -¥ 10 mol/L

S 01 107 mollL

a - 10 mol/L

IS

(2]

o]

< 05

7d

3d
Culture time (d)

Figure 5. Graph of MTT results for each group at different inner E2
concentrations and treatment durations (mean = SD). The viability of
preosteoblasts was measured by MTT assays after treatment with E2-
UCNP@pPEG with inner 17f-estradiol at different concentrations
(107%,107%, 1077, and 107 mol/L) or 17f-estradiol alone (1077 mol/
L). E2 = 17f-estradiol.

3.3. Tracking of E2-UCNP@pPEG in Vitro. An effective
nanocarrier should release E2 precisely to minimize its side
effects and protect its activity before arrival at the action sites.
Therefore, critical interactions of preosteoblasts with nano-
system were determined using laser scanning upconversion
luminescence microscopy (LSUCLM). UCL emission of
nanocarriers was observed in preosteoblasts after incubation
for 3 h at 37 °C under the CW 980 nm laser. Red emission of
propidium iodide (PI) staining for fixed cell nuclei was
simultaneously observed under 515 nm excitation. As shown
in Figure 6, the intensity and location of UCL signals in cells
incubated with UCNP@pPEG and E2-UCNP@pPEG were
comparable. Overlay of UCL emission, PI signals, and bright
field images confirmed that the nanosystem can be successfully
taken up by preosteoblasts.

3.4. ALP Activity and Staining Assay of E2-UCNP@
PPEG in Preosteoblasts. Osteoblasts express ALP, an
important marker of bone differentiation.”** Cells were
incubated with E2, E2-UCNP@pPEG, or UCNP@pPEG for
3,7, and 14 days, and ALP activity was measured. The 7 and 14
day measurements of ALP activity are shown in Figure S9
(Supporting Information) and Figure 7a, respectively. The ALP
activity of preosteoblasts achieved its peak when the cells were
cultured for 5—7 days. As the incubated period extended, the
ALP activity of preosteoblasts tended to decline. These results
are consistent with previous reported experiments.’> The
results displayed that treatment with E2, E2-UCNP@pPEG, or
UCNP@pPEG led to upregulation of ALP activity compared
with that of the control group (P < 0.01). Group E2-UCNP@
pPEG showed a distinctly higher ALP activity compared to that
of the control and UCNP@pPEG group in preosteoblasts after
treatment for 14 days. No significant differences were observed
between the treatment and control groups on day 3 (P > 0.0S).
ALP staining results were consistent with 7 day ALP activity
(Figure 7b). Cells cultured in the presence of E2-UCNP@
pPEG displayed increased ALP content and enhanced bone
differentiation. Because PEG itself possesses excellent water
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Brightfield

Figure 6. (a) LSUCLM images of fixed preosteoblasts incubated with Er**-doped E2-UCNP@pPEG (a, 200 ug/mL), UCNP@pPEG (b, 200 ug/
mL), or PBS (¢, control) for 3 h at 37 °C with CW 980 nm laser. UCL signals were collected from 500 to 560 nm and from 600 to 700 nm,
respectively. The nuclei of cells were stained with PI. PI signal was collected from 600 to 650 nm. The scale bar represents 40 ym.
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Figure 7. Effects of E2-UCNP@pPEG on (a) ALP activity for 14 days
and (b) staining assay in preosteoblasts after treatment for 7 days. The
data were represented as the mean + SD of three determinations. *, P
< 0.0S, and **, P < 0.01, compared with the control group.

solubility and biocompatibility, suppresses protein adsorption,
and enhances cellular adhesion®® and E2 itself is hydrophobic
and a low dissolved quantity may delay the osteogenesis eftects
in vitro, UCNP@pPEG displayed favorable cellular growth and
differentiation.

3.5. Mineralization Assay. After a period of extracellular
matrix maturation, cells begin to mineralize, and calcified
nodules developed. Alizarin red staining was applied to confirm
the existence of calcium in cellular sediment. Following
incubation for 21 days, red-stained mineralized nodules were
observed in both experimental and control groups. In the E2-
UCNP@pPEG and E2 groups, a higher number of red nodules
were observed and mineralization was significantly increased
compared to those of the control group (Figure 8). E2-
UCNP@pPEG promotes mineralized nodule formation and
affects osteoblast differentiation of preosteoblasts.

3.6. Expression of OPN, OPG, and Col-l in Preosteo-
blasts. Expression of osteogenetic markers was analyzed in
preosteoblasts cultured on different substrates for 7 days using
RT-PCR. We observed constant mRNA expression of OPN,
OPG, and Col-I (Figure 9a). Analysis of the relative mRNA
quantity revealed the mRNA expression levels of OPG and Col-
I were higher in cells incubated with E2, UCNP@pPEG, and
E2-UCNP@pPEG compared with the those of control group
(Figure 9b). For OPN, the mRNA expression level was also
higher in cells incubated with E2-UCNP@pPEG than that in
the control group. Because increased Col-I expression occurs at
the early proliferative stage and OPN expression is an early
marker of osteoblast differentiation,”*® this indicated that E2-
UCNP@pPEG had positive effects on the proliferation and
differentiation of osteoblasts. Because of the characteristics of
PEG itself*® UCNP@pPEG displayed the same favorable
expression of osteogenetic markers.

3.7. In Situ and ex Vivo UCL Imaging. Kunming mice (4
weeks old) were intravenously injected with Tm?*-doped E2-
UCNP@pPEG (200 yL, 1.5 mg/mL) in PBS. After 6 h, whole-
body imaging was carried out with a modified Kodak in vivo
imaging system using Andor DU897 EMCCD as the signal
collector (800 + 12 nm) upon excitation with an external 0—5
W adjustable CW 980 nm infrared laser. Major organs were
removed to expose bone. As shown in Figure 10a, UCL signals
were distributed over the whole body, signifying that the E2-
UCNP@pPEG was taken up by bone. Subsequently, bone
samples from arm, leg, sternum, and spine were removed for ex
vivo imaging (Figure 10b). Intense UCL emission was
observed, whereas the control group exhibited no obvious
signals (Supporting Information Figure $10). UCL images of
dissected organs were consistent with the above results. In
addition, signals from liver and spleen, the main organs for
uptake of nanosized materials, were apparent, although pPEG
induced a decrease in accumulation in these regions
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Figure 8. Analysis of E2-UCNP@pPEG to form mineralized nodules of preosteoblasts. Preosteoblasts were stained by Alizarin red. (a) Bright-field
photos measured by Nikon camera and (b) their corresponding microscopic images (S0X).
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Figure 9. (a) RT-PCR analysis of OPN, OPG, and Col-I expression in
preosteoblasts in different substrates cultured for 7 days. GAPDH is
the reference gene stably expressed in cells. (b) mRNA relative
quantity of OPN, OPG, and Col-I expression in different groups. The
concentration of E2 was 1077 mol/L. It showed that the expression
level of OPN, OPG, and Col-I was higher in cells incubated with E2-
UCNP@pPEG compared with the control group. The data were
represented as the mean + SD of three determinations. **, P < 0.01,
compared with the control group.

(Supporting Information Figure S11).* Tissue distribution of
E2-UCNP@pPEG within dissected organs was analyzed via
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Quantitative data confirmed distribution of E2-
UCNP@pPEG in bone (Supporting Information Figure S12).
Our findings clearly show that E2 encapsulated in the
nanosystem is efficiently delivered to bone.

3.8. Histology Analysis. Histological evaluation of tissues
is critical to determine the efficiency of nanosystem as drug
carriers. Confocal imaging of bone tissue sections confirmed
extensive distribution of E2-UCNP@pPEG in the bone (Figure
11). Furthermore, H&E-stained tissue sections of liver, spleen,
heart, lung, and kidney were used to toxicity analysis. As shown
in Figure S13 (Supporting Information), compared with the
control groups, no necrosis was observed in any of the tissues

examined, suggestive of low nanoparticle-induced toxicity.

Brightfield
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Figure 10. (a) In situ and (b) ex vivo UCL imaging of the Kunming mice 6 h after intravenous injection of 200 uL of Tm*'-doped E2-UCNP@
PPEG (1.5 mg/mL). 1, left arm; 2, sternum; 3, left femur; 4, distal left foot; and S, spine. UCL signals were obtained at 800 + 12 nm under excitation

of CW 980 nm laser.
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Figure 11. Confocal imaging of bone tissue sections obtained from
Kunming mice 24 h after intravenous injection of (a) 200 L of Tm*'-
doped E2-UCNP@pPEG (1.5 mg/mL) and (b) PBS. UCL signals
were collected from 420 to 480 nm.

4. CONCLUSIONS

We successfully synthesized E2-loaded PEGylated upconver-
sion nanoparticles (E2-UCNP@pPEG) and analyzed their
effects on osteogenesis. PEGylated nanoparticles as a
biocompatible nanoreservoir for storing and delivering E2
were generated and characterized. E2 in the fabricated
nanocarrier was released in a controlled manner, and the
concentration fluctuations were effectively improved. In vitro
experiments demonstrated that E2-UCNP@pPEG nanopar-
ticles, as a novel dosage form, modulate bone remodeling and
exert a similar biological effect as estrogen alone. In situ and ex
vivo imaging data further confirmed the superior bone-targeting
ability of E2-UCNP@pPEG. Our results collectively support
the utility of the newly generated E2-UCNP@pPEG nano-
particles as an effective therapeutic agent for further
osteoporosis. Further studies on osteoclast resorption and in
vivo investigation of the efficacy and safety of E2-UCNP@
pPEG will be carried out to optimize the utility of these
nanoparticles as a therapeutic option for osteoporosis.
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