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Purpose: Bone metastases are common in malignant tumors, especially for the advanced 
cancers. Chemotherapy is an important treatment in clinic, but the application is limited due 
to the severe adverse reactions. We try to design bone-targeted drug delivery systems (DDS) 
for the delivery of chemotherapeutic drugs in bone metastatic carcinoma.
Material and Methods: We added alendronate (Aln) to metal organic framework (MOF) to 
synthesize a new bone-targeted DDS named Aln-MOF. Doxorubicin (DOX) as a classic anti- 
cancer drug was encapsulated. The material characterization, drug release and bone affinity 
were detected. In vitro experiment, the cell toxicity was detected by cck-8 test and cellular 
uptake were detected by laser scanning confocal microscope and flow cytometry. In vivo 
experiment, the pharmacokinetics of DDS in the blood was analyzed by fluorescence 
spectrophotometer and the biodistribution was detected by a multi-mode optical in vivo 
imaging system. The anti-tumor effects of MOFDOX and Aln-MOFDOX were evaluated by 
monitoring the tumor volume and weight during the animal experiment. In addition, the 
toxicity of DDS to different organs was determined by HE staining.
Results: Aln-MOF showed good stability, no cytotoxicity and better bone affinity than 
MOF. Both MOFDOX and Aln-MOFDOX could release DOX, and the release rate at pH = 
5.5 was faster than the rate at pH = 7.4. The cellular uptake of Aln-MOF and MOF showed 
no difference. Aln-MOF had a long retention time in blood, which is beneficial for the 
enrichment of Aln-MOF in tumor sites. Aln-MOF mainly concentrated at bone metastases in 
mice. MOFDOX and Aln-MOFDOX could effectively delay tumor progression, and the effect 
of Aln-MOFDOX was more obvious (P < 0.05).
Conclusion: Our study confirmed that Aln-MOF has good stability, bone targeting and 
biosafety. Aln-MOFDOX could release DOX and effectively kill tumor cells of bone metas
tases. Aln-MOFDOX has a promising prospect in the treatment of bone metastasis.
Keywords: tumor, metal organic framework, alendronate, doxorubicin

Introduction
Bone metastases, which are common in malignant tumors, will cause physical and 
psychological damage to patients and seriously affect their normal life. Bone 
metastases mainly occur in advanced stage of tumors such as lung cancer, breast 
cancer and prostate cancer. The metastatic rate is 40–85% and the metastatic rate of 
prostate cancer is the highest which is up to 85%.1,2 In addition to the above solid 
tumors, bone metastases can occur in 95% of multiple myeloma, which is 
a malignant plasma cell disease.3

Correspondence: Xiangyang Wang  
Department of Orthopaedic, The Second 
Affiliated Hospital and Yuying Children’s 
Hospital of Wenzhou Medical University, 
Wenzhou, 325027, Zhejiang, People’s 
Republic of China  
Tel\Fax +86-577-85676010  
Email xiangyangwang@wmu.edu.cn

Drug Design, Development and Therapy 2021:15 4455–4468                                            4455
© 2021 Xue et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                               Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 12 August 2021
Accepted: 14 October 2021
Published: 28 October 2021

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0003-3435-2277
mailto:xiangyangwang@wmu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


The pathogenesis of bone metastases is still unclear. 
The tumor cells of primary malignant tumors (lung cancer, 
breast cancer, prostate cancer, etc.) migrate from their 
primary lesion to the circulatory system, mainly blood 
circulation. The tumor cells will metastasize to bone tissue 
and form bone metastases by the effect of different bone 
chemokines, such as connective tissue growth factor 
(CTGF), osteopontin (OPN) and IL-11 and so on. What’s 
more, the surface molecules of bone endovascular skin 
also play an important role in the process of bone metas
tases formation.4–6 The tumor cells often enter dormant 
state when they concentrate at bone tissue which can last 
years or even decades. Once the tumor cells are activated, 
they will rapidly proliferate and destroy bone tissue, caus
ing a series of clinical symptoms. Lytic bone metastasis, 
which is the most serious type, will lead to skeletal related 
events (SREs), such as neoplastic pain, pathological frac
ture, tumor-derived hypercalcemia and spinal cord nerve 
compression.7–9 The mechanism of dormancy and activa
tion is still unclear.

Chemotherapy is an important means to treat primary 
tumors and bone metastases, such as doxorubicin (DOX). 
As systemic application of chemotherapy drugs, it will 
cause severe adverse reactions for the lack of tumor target
ing ability.5,10,11 In order to reduce the adverse reactions of 
chemotherapy drugs, some special materials can be 
selected as drug delivery systems (DDS). We can modify 
bone-targeting molecules to these DDS to provide bone- 
targeting properties. As a result, these new DDS are cho
sen to serve as drug delivery carriers to deliver chemother
apy drugs to bone metastases. At present, bisphosphonates 
especially alendronate (Aln) are the most widely used for 
bone targeting. Aln has a high affinity to hydroxyapatite in 
bone tissue. Aln can modify a variety of materials to 
provide bone targeting property, which has been confirmed 
in many studies.12,13

These DDS must have good biocompatibility and drug 
loading capacity. According to the structure and composi
tion of DDS, they can be divided into organic DDS and 
inorganic DDS. The organic DDS have good biocompat
ibility and biodegradability,14 while inorganic DDS are 
easily controllable in size, shape and functionalize.15,16 

Metal organic framework (MOF) is formed by the poly
merization of iron, zinc, calcium and other metals through 
the bonding of imidazoles, amines and phosphonates. 
Because of the special construction combining both inor
ganic matters and organic matters, MOF has advantages 
of both organic and inorganic DDS. MOF has high 

porosity, high surface area, good thermal and chemical 
stability, which lead to excellent drug loading capacity 
and drug leakage resistance.17–22 Recently, Tan et al 
synthesized a new multifunctional MOF-based nanohy
brids which combined MOF with thermosensitive hydro
gels. DOX and celecoxib were both loaded to treat 
localized oral cancer and the therapy efficacy and cell 
internalization were evaluated. This new nanocomposite 
showed unique biological abilities in terms of pH- 
responsiveness, antitumor efficacy and 
biocompatibility.23 MOF seems to be a promising DDS 
for cancer treatment.

In this study, we constructed a mouse model of breast 
cancer bone metastases. We modified MOF with Aln and 
compound a new bone-targeting DDS (Aln-MOF) to deli
ver chemotherapy drug to bone tissue. Our study consisted 
four parts: synthesis of MOF and Aln-MOF, material char
acterization testing, in vitro cell experiments and in vivo 
animal experiments. The purpose of our study was to 
confirm that Aln-MOF had good biological safety, stability 
and bone targeting. When DOX was encapsulated in Aln- 
MOF, it could effectively treat bone metastases and reduce 
the cytotoxicity of DOX to other normal organs.

Materials and Methods
Materials
Zinc nitrate hexahydrate, dimethylimidazole, methyl alco
hol and DOX were obtained from baichuan Biotech com
pany (China). Cy5 and Rhob were obtained from Liuhe 
Biotech company (China). Dulbecco’s Modified Eagle 
Medium (DMEM) was purchased from Huantai Inc. 
(Gibco, Grand Island, USA). 4′,6-Diamidino-2-phenylin
dole (DAPI) (Sigma-Aldrich, St Louis, USA) and fluoro
mount aqueous mounting medium (Sigma-Aldrich, 
St. Louis, USA) were obtained from Xinri Biotech com
pany and used according to the manufacturer’s instruc
tions. Fetal bovine serum (FBS, ExCell Bio, Shanghai, 
China) was purchased from Huihong Biotech company. 
Other reagents were purchased from Sangon and used as 
received.

Synthesis of MOF, Aln-MOF, MOFDOX 

and Aln-MOFDOX
Zeolitic imidazole framework (ZIF) is one type of MOF. 
ZIF-8 is a kind of topological nanoparticle formed by self- 
assembly of transition metal atoms with organic imidazole 
and its derivatives, which has good drug loading capacity 
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and biocompatibility. We chose ZIF-8 as our delivery 
system.

We synthesize MOF according to previously reported 
studies with a little modification.24 Six hundred milligram 
zinc nitrate hexahydrate (Zn(NO3) 2·6H2O) and 1.3g 
dimethylimidazole were dissolved in two glass bottles 
containing 10mL methanol in each one. The mixture of 
two solutions was placed on a magnetic agitator and stir
red for 30 minutes (37°C, 600 r·min−1). Then we placed 
the stirred mixture in a centrifuge for 10 minutes (10,000 
r·min−1) and removed the supernatant to get the centrifuge 
product. After repeated washing, the reactants were dried 
overnight in a vacuum lyophilizer to remove the solvent 
and stored at room temperature for further experiments.

30.5mm (8.2g) Aln was dissolved in 50mL methanol. 
We combined 2mL Aln solution (1.22mM) with 100mg 
prepared MOF and placed on a magnetic agitator for 48 
hours (37°C, 600 r·min−1). The rest procedures were as 
same as the synthesis of MOF and we get Aln-MOF 
finally.

As the effective anti-tumor ability of DOX, we chose 
DOX as our chemotherapy drug. We encapsulated DOX in 
our prepared MOF and Aln-MOF. 12.5mM (6.8g) DOX 
was dissolved in 50mL methanol solution to prepare DOX 
solution for later use. We added 100mg prepared MOF or 
Aln-MOF to 2mL DOX solution (0.5mM DOX) and place 
the mixed solution on a magnetic stirrer for 48 hours 
(37°C, 600 r·min−1). Then, the procedures of centrifuga
tion, washing and freeze-drying were done as we men
tioned above. Finally, we got MOFDOX and Aln-MOFDOX 

which encapsulated DOX.

Morphological Detection
Transmission Electron Microscope (TEM) was used to 
take pictures of Aln-MOF and MOF to observe the mor
phology of the nanoparticles. X-ray Diffraction (XRD) at 
30 kV and 10 mA was used to do the phase analysis, 
including Aln-MOF, MOF and Aln. In addition, the che
mical structures were analyzed by a Fourier transform 
infrared spectrometer (FTIR) with a wavenumber range 
of 500–4000 cm−1. The surface composition and elemental 
valence were identified by X-ray photoelectron spectro
scope (XPS).

The prepared MOF 50mg and Aln-MOF 50mg were 
respectively dissolved in 10mL PBS with 10% FBS to 
prepare a solution of 5mg/mL. The prepared solution was 
placed in Zetasizer Nano ZEN3600 dynamic light scatter
ing tester to detect the nanoparticle diameter of MOF and 

Aln-MOF. Then, at different time points (2, 4, 8, 24, 48, 
72h), the average diameter of MOF and Aln-MOF was 
detected to analyze the stability.

Detection of Drug Release Kinetics
The prepared MOFDOX 50mg and Aln-MOFDOX 50mg 
were respectively dissolved in 10mL distilled water to 
prepare a solution of 5mg/mL. UV spectrophotometer 
was used to detect the concentration of DOX in the solu
tion. The wavelength of 480 nm was selected and blank 
MOF particles were used as the basic correction. Then the 
drug load of the two particles was calculated by the for
mula below: LC ¼W0=W1, W0 was the amount of DOX in 
the particle, W1 was the number of MOF or Aln-MOF 
particles.

The particles would meet two different pH values when 
entering into the body, the environment of blood (pH = 
7.4) and intracellular lysosomal enzymes (pH = 5.5). 
Thirty-milliliter PBS with different pH values was added 
into the dialysis tube and the pH values were adjusted to 
5.5 and 7.4, respectively. Twenty-milligram MOFDOX and 
Aln-MOFDOX was added into the dialysis tube, respec
tively. After stirring on a magnetic agitator (37°C, 100 
r·min−1), 1mL solution, containing 500μL MOFDOX or 
Aln-MOFDOX and 500μL PBS with different pH, was 
detected by microplate reader to calculate the concentra
tion of DOX at different time point (0.5, 1, 2, 4, 6, 8, 12, 
24, 48 h).

Bone Affinity Test
The bone affinity of the prepared Aln-MOF and MOF was 
detected by ultraviolet spectrophotometer. Three hundred 
microgram Aln-MOF and MOF were added into an EP 
tube containing 500μL distilled water (c0=0.6μg/μL). The 
tibia of the mice was taken and added into the above 
solution. After the mixture was placed on a constant tem
perature shaker for 24 hours at room temperature for 24 
hours, the particle concentration c1 of the remaining liquid 
was detected by ultraviolet spectrophotometry. The bone 
affinity was calculated according to the for
mula: 
BDA BondBindingaffinityð Þ %ð Þ¼ c0� c1=c0ð Þx100%.

Mouse Breast Cancer 4T1 Cell Culture
The Mouse breast cancer 4T1 cells were purchased from 
American type culture collection (ATCC). The 4T1 cells 
were inoculated in RRMI-1640 medium containing 10% 
FBS+1% dual antibodies, and then cultured in carbon 
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dioxide incubator (37 °C, 5%CO2). The medium in the 
culture dish should be changed every other day, and the 
4T1 cell was passaged every 3 days. We chose the second 
or third generation as our experimental subjects. All the 
experimental cells are in logarithmic growth.

Cck-8 Test
We need to detect the cytotoxicity of three groups of 
nanoparticles, namely Aln-MOF, MOFDOX and Aln- 
MOFDOX. According to the concentration of DOX 
drug, it was divided into 0.25, 0.5, 1.0, 2.0, 4.0μg/mL 
groups from low to high (the drug loading of particle 
DOX was 0.65μg/mg). Cck-8 test was used to detect the 
cytotoxicity.

Laser Scanning Confocal Microscopy
DAPI, Alexa Fluo 488 and RhoB were used to label the 
cell nucleus, cytoskeleton and nanoparticles of the 4T1 
cells, respectively. Then, laser scanning confocal micro
scopy was used for imaging analysis. Finally, the fluores
cence intensities of MOF and Aln-MOF were compared.

Flow Cytometric Analysis
RhoB was used to stain MOF and Aln-MOF particles. 
Then, flow cytometry was used to quantitatively analyze 
the cells uptaking RhoB-stained MOF and Aln-MOF. The 
difference of the cell number and fluorescence intensity of 
RhoB positive cells were counted to calculate the uptake 
of MOF and Aln-MOF by the 4T1 cells.

Animal Model
We selected Balb/c mice as our experimental animal, which 
were authorized by the Animal Protection and Utilization 
Committee of University of Chinese Academy of Sciences 
and provided by Vital River Laboratories (Beijing, China). 
All the parts involving animal experiment ethics in our study 
have been reported to the Animal Ethics Committee of 
University of Chinese Academy of Sciences for approval 
(WIUCAS21071205). All the animal experimental proce
dures were consistent with the national standard 
“Laboratory Animal-Guideline for Ethical Review of 
Animal Welfare” (GB/T35892-2018) of China.

The 4T1 cells were allocated into a certain proportion 
(cell concentration =104/μL). 50μL of the cell solution was 
injected into the bilateral tibia of Balb/c mice to establish 
the animal model of bone metastasis.

Duration of MOF and Aln-MOF in Blood
We used MOF and Aln-MOF particles to encapsulate Cy5 
fluorescent molecules in the same way as DOX was encap
sulated. We dissolve MOFCy5 and Aln-MoFCy5 in distilled 
water (5mg/mL). Then we combine 360ul MOFCy5 or Aln- 
MOFCy5 solution and add 40μL 10X PBS to prepare iso
tonic liquid which was injected into mice through the 
caudal vein. At different time points (0.5, 1, 2, 4, 6, 8, 
12, 24, 48h), 200μL orbital blood was collected and cen
trifuged at 3000 rpm for 5 minutes to obtain the serum for 
detection. The concentration of MOFCy5 or Aln-MOFCy5 

in serum at different time points was detected by fluores
cence spectrophotometer.

Distribution of MOF and Aln-MOF
We used a multi-mode optical in vivo imaging system to 
detect the distribution of MOF and Aln-MOF in mice. After 
establishing mice with bone metastases for 2 weeks, we 
injected 400μL isotonic solutions (360μL of MOFCy5 or 
Aln-MOFCy5 solution +40μL 10X PBS) into mice through 
the caudal vein. The distribution of MOFCy5 or Aln-MOFCy5 

was detected by the multi-mode optical in vivo imaging 
system at different time points (0.5, 2, 6, 24h). At 24h, the 
mice were sacrificed and different organs were detected by 
the multi-mode optical in vivo imaging system.

The Therapeutic Effect of MOFDOX and 
Aln-MOFDOX
When the tumor volume of bone metastases reached at 
least 50mm3, the anti-tumor therapeutic effects of 
MOFDOX and Aln-MOFDOX were tested in vivo. The 
experimental mice were divided into the following 5 
groups: PBS group, Aln-MOF group, DOX group, 
MOFDOX group and Aln-MOFDOX group. Each group 
had 5 mice. The mice were treated by PBS, Aln-MOF, 
DOX, MOFDOX and Aln-MOFDOX through the caudal 
vein every 3 days for up to 4 times, respectively. The 
dose of DOX 5mg/kg in group DOX, MOFDOX and Aln- 
MOFDOX. Group PBS was treated with equal volume of 
PBS as blank control, and group Aln-MOF was treated 
with equal dose of Aln-MOF to group Aln-MOFDOX. The 
mice were weighed on day 2, 4, 6, 8, 10, 12, 14, 16 and 18, 
and the tumor volume was calculated at the same time. 
The tumor volume was calculated by the following for
mula: tumorvolume ¼ lengthX widthð Þ

2
� �

=2. The length 
and width of the tumor were measured at the bone metas
tases using vernier caliper.
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On the 18th day, the mice were sacrificed and the bone 
metastatic tumor specimens were dissected and weighed. 
At the same time, tumor specimens of three typical mice 
were selected and photographed for recording. Sections 
and HE staining were performed on different tissues of 
the sacrificed mice, including heart, liver, spleen, lung, 
kidney and bone. Then different tissues were observed 
under a microscope for comparison.

Statistical Analyses
At least three independent tests were conducted, and the 
measured data were expressed as mean ± standard devia
tion (SD). Statistical analysis was performed by SPSS 
software, followed by Tukey’s test. P < 0.05 was consid
ered statistically significant.

Results
Material Characterization
The morphological appearance of ALN-MOF and MOF 
were observed under TEM (Figure 1A and B). The dia
meters of the prepared MOF and Aln-MOF were basically 

around 110 nm, while the Aln-MOF size was slightly 
larger (Figure 1C). We detected the size changes of two 
nanoparticles at different time points (2, 4, 8, 24, 48, 72h), 
and found that the diameters did not change significantly 
and the stability was good (Figure 1D). Although the 
aggregation of nanoparticles happened, the effective size 
would not bigger than cells of micron level. As a result, 
the particle aggregation could not block blood vessels in 
some organs with tiny blood vessel such as liver, brain and 
lung.

The FTIR spectra of Aln, MOF and Aln-MOF were 
analyzed (Figure 2A). In the FTIR spectra of Aln, the 
peak at 914, 1017, 1047 cm−1 corresponded to stretching 
vibration of P-O, P-C and P=O groups, respectively. The 
characteristic phosphate group peak was obtained at 
1545 cm−1, N-H stretching peaks were observed at 
3482 cm−1. For the spectral MOF, C=N stretching 
peaks was observed at 1596 cm−1, the peak of 
1046 cm−1 was attributed to C-N symmetric stretching, 
the most intense peaks at 1153 and 1114 cm−1 corre
sponded to C-N in-plane stretching, which also appeared 

Figure 1 Transmission electron microscopy (TEM) and dynamic light scattering tests. 
Notes: (A) The morphology of Aln-MOF under TEM. (B) The morphology of MOF under TEM. (C) The particle diameters of MOF and Aln-MOF were about 110 nm, while 
Aln-MOF was slightly larger. (D) The diameters of the two particles did not change significantly at different time points (0, 2, 4, 8, 24, 48 and 72h). 
Abbreviation: TEM, transmission electron microscopy.
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in the spectrum of Aln-MOF, the peaks at 1302, 944, 756 
and 680 cm−1 were from C-H bending in imidazole ring. 
The absence of characteristic phosphate peak of Aln at 
1545 cm−1 could be considered as Aln molecules were 
encapsulated into MOF instead of attachment to MOF 
surface.

The XRD results indicated the highly crystalline for
mation of Aln and MOF. The XRD pattern of Aln-MOF 
sample was almost in agreement with MOF, and the inten
sity of Aln peaks was greatly reduced, suggesting that Aln 
molecules were efficiently encapsulated by the MOF 
cages, and the introduction of Aln did not cause loss of 
crystallinity (Figure 2B). The XPS of Aln-MOF showed 
a slight red shift in the N 1s binding energy, indicating that 
the coordination interaction between the Aln and MOF and 
the increased relative amount of N signal confirmed the 
presence of Aln in Aln-MOF (Figure 2C and D).

Drug Release Kinetics
According to the formula which mentioned above, the 
DOX loaded capacity of MOF and Aln-MOF particles 
was 0.65μg/mg. It showed that Both MOF and Aln-MOF 
particles could release DOX lasting for 12 hours. The 
release rate at pH = 5.5 was faster than that at pH = 7.4 
(Figure 3). As a result, after entering bone metastatic cells 
from blood, Aln-MOFDOX could quickly release DOX to 
the tumor cells due to pH changes. This pH-related char
acteristic was previously found in many other materials 
which further proved the reliability of our result.25,26

Bone Affinity
When pH = 7.4 (simulated blood), the concentration of 
Aln-MOF was significantly reduced compared with MOF 
and the bone affinity of Aln-MOF was higher than MOF 
(P < 0.01). Similarly, when pH = 5.5 (simulating 

Figure 2 The analysis of FTIR, XRD and XPS. 
Notes: (A) FTIR spectra of Aln, MOF and Aln-MOF. (B) XRD patterns of Aln, MOF and Aln-MOF. (C and D) XPS spectra of Aln, MOF and Aln-MOF. (C) (a) Survey spectra 
of XPS. (D) (b) N1s spectra of XPS. 
Abbreviations: FTIR, Fourier transform infrared spectroscopy; XRD, x-ray diffraction; XPS, x-ray photoelectron spectroscopy.
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intracellular lysosomal enzymes), the bone affinity of Aln- 
MOF was also higher than that of MOF (P < 0.05) 
(Figure 4). No matter pH = 7.4 or pH = 5.5, Aln-MOF 
could provide good bone targeting property compared 
with MOF.

Cytotoxicity
When the concentration of Aln-MOF increased, it had no 
cytotoxic effect on the 4T1 mouse cells which proved that 
Aln-MOF showed almost no cytotoxicity and reliable bio
logical safety. After Aln-MOF and MOF were encapsu
lated with DOX, the cytotoxic effect of Aln-MOFDOX and 
MOFDOX on the 4T1 cells was obvious. The cytotoxic 

effect was enhanced by increasing the concentration 
(Figure 5).

Cellular Uptake
Confocal laser detection (Figure 6A and B) and flow 
cytometry (Figure 6C and D) were used to detect cellular 
uptake of Aln-MOF and MOF in the 4T1 cells. The cells 
could absorb Aln-MOF and MOF (Figure 6A), but it 
showed that the fluorescence intensities of RhoB stained 
Aln-MOF and MOF were similar (Figure 6B). The same 
result could be found in the positive cell rate and fluores
cence intensity by flow cytometry (Figure 6D and E). The 
similar cellular uptake of Aln-MOF and MOF indicated 
that Aln did not influence MOF except providing bone 
targeting property.

Nanoparticles Distribution in vivo
Aln-MOF stayed in the blood for a longer time than MOF 
which was in favour of enrichment in bone metastases 
(Figure 7A). At 24 hours after injection, it could be seen 
that the concentration of Aln-MOF in the bone metastases 
was higher than MOF. Although MOF could enrich in the 
bone metastases, it would be eliminated quickly 
(Figure 7B). Mice were sacrificed at 24h after injection. 
It showed that Aln-MOF mainly concentrated at the bone 
metastases. However, MOF mainly concentrated in the 
liver, followed by bone metastases. The Aln-MOF concen
tration at the bone metastases was higher than MOF (P < 
0.05) (Figure 8).

Anti-Tumor Effect
The tumor volumes of bone metastases at different time 
points were calculated, and we found that Aln-MOF had 

Figure 3 Detection of drug release in MOF and Aln-MOF at different pH. 
Notes: (A and B) At pH = 7.4 (simulated blood) and pH = 5.5 (simulated intracellular lysosomal enzyme), both MOFDOX and Aln-MOFDOX could gradually release DOX to 
a peak within 12h. The release rate of DOX in Aln-MOFDOX at pH = 5.5 is faster than that at pH = 7.4.

Figure 4 Bone-binging affinity test. 
Notes: No matter pH = 7.4 or pH = 5.5, Aln-MOF showed better bone affinity 
than MOF. The formula for calculating bone affinity: BBA %ð Þ¼ c0� c1=c0ð Þx100%, 
where c0 is the particle concentration of the original solution and c1 is the particle 
concentration of the remaining solution after mixed with bone tissue for 24 hours. 
Significant differences between groups were indicated as **p < 0.01, *p < 0.05. 
Abbreviation: BBA, bone-binging affinity.
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no effect on the proliferation of bone metastases while 
MOFDOX and Aln-MOFDOX could significantly slow 
down the tumor growth compared with PBS (Figure 9A). 
But the effect was limited and the tumor volume initiated 
to increase after 12 days which are similar to previous 
study.27 The drug withdrawal of Aln-MOFDOX would 
cause recurrence of the disease, indicating that Aln- 
MOFDOX had useful effect but might require long-term 
use. The treatment plan might not be enough, and the 
therapeutic effect could be maximized by optimizing the 
frequency of administration. The body weight at different 
time points had no significant difference among the 5 
groups (Figure 9B). Generally, drugs with high toxicity 
would cause weight loss. This experiment proved that our 
Aln-MOF and Aln-MOFDOX were biological safe. Aln- 
MOFDOX could significantly reduce the weight of tumor 
tissues and slow down tumor growth, and the therapeutic 
effect of Aln-MOFDOX was more obvious compared with 
DOX (P < 0.01) and MOFDOX (P < 0.05) (Figure 9C). The 
photographs of three typical tumor specimens were 
recorded (Figure 9D).

HE staining was performed (Figure 10) and found that 
Aln-MOF and Aln-MOFDOX had no obvious toxicity to 
other organs except for bone metastases. However, in 
tumor tissues, compared with other groups, the nuclei of 
tumor cells in group Aln-MOFDOX reduced, which indir
ectly indicated that Aln-MOFDOX had a killing effect on 
tumor cells. It could be seen that the Aln-MOFDOX had 
a good bone targeting property and minimize adverse 
reactions to other normal organs.

Discussion
In this study, MOF nanoparticles were selected as our 
DDS to deliver chemotherapy drug DOX. In order to 
obtain bone targeting property, we modified MOF with 
Aln and synthesized a new bone targeted DDS named Aln- 
MOF. Our study mainly proved that Aln-MOF had good 
bone targeting and biological safety. After DOX was 
encapsulated in Aln-MOF, Aln-MOFDOX could effectively 
kill the tumor cells of bone metastases without affecting 
the normal cells in other tissues. Aln-MOF could accu
rately deliver DOX to bone metastases and reduce the 
adverse reactions rate caused by DOX. MOF had been 
applied in the field of biomedicine, but not been used in 
the treatment of bone metastases in the world.

Bone metastases often cause bone metabolism imbal
ance especially osteolysis which will lead to SREs. 
Osteoblasts and osteoclasts are two important cells in 
bone tissue. Osteoblasts provide positive promotion for 
the formation of bone tissue while osteoclasts do the 
opposite. In normal physiological state, in order to meet 
the different physiological needs of the host, the micro
environment of bone tissue cells is strictly regulated. 
Osteoblasts and osteoclasts are in a balanced state to 
maintain normal bone mass.28–30 Once bone metastases 
occur, both osteoblast and osteoclast are activated, but 
the balance is closely related to the primary tumor.

In the previous studies, DDS such as nanoparticles 
have been used as carriers of chemotherapy drugs and 
widely used in the treatment of bone metastases.31–34 

Among them, liposome is the most widely used DDS, 

Figure 5 Cytotoxicity of the nanoparticles. 
Notes: Aln-MOF had no toxicity to breast cancer 4T1 mouse cells and has good biosafety. After encapsulated with DOX, MOF and Aln-MOF could effectively kill the 4T1 
cells.
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which is synthesized by lecithin and ceramide and belongs 
to organic DDS. Although organic DDS have good bio
compatibility, the morphology and function controllability 
of organic DDS are poor compared with inorganic DDS. 
Inorganic DDS, such as SiO2 particles, are easy to synthe
size. They also can easily change their morphology and 
drug loading property according to the needs of treatment. 
For this reason, we chose MOF which combining inor
ganic and organic materials as our raw nanoparticles. 
Compared with traditional drug carriers such as whether 
organic or inorganic DDS, MOF inherited part advantages 
of both DDS.

No matter which DDS is to be used in vivo, the most 
important prerequisite is biocompatibility. Many materials, 
especially inorganic materials, will not be further used 
even if they have good drug loading and releasing property 
due to their biological toxicity. Our research group has 

demonstrated the biocompatibility and biosafety of Aln- 
MOF in both cells and mice through multiple experiments. 
In vitro, Aln-MOF was co-cultured with the 4T1 cells, and 
no cytotoxicity was observed. In vivo, Aln-MOF did not 
cause weight loss in mice and HE staining showed Aln- 
MOF would not damage other normal organs. It can be 
seen that the Aln-MOF prepared by us has good biocom
patibility and biosafety which is the preconditions for 
further research.

Renal excretion is the main excretion route for highly 
polar metabolites or drugs. In addition, it is also one of the 
most important ways for removing the wandering external 
materials from body. The free materials in the blood 
quickly accumulate in the kidney within 1 hour after 
intravenous injection, and rapid excretion is performed 
within 4–8 hours.35–37 In our study, MOF accumulated in 
the kidney and was excreted quickly within 2 hours while 

Figure 6 The cellular uptake of MOF and Aln-MOF by breast cancer 4T1 mouse cells were detected by laser confocal detection and flow cytometry. 
Notes: (A) DAPI, Alexa Fluo 488 and RhoB were used to stain the cell nucleus, cytoskeleton and prepared nanoparticles. Finally, mixed images were synthesized, which 
showed that the cells could absorb Aln-MOF and MOF. (B) There was no significant difference between the amount of RhoB-stained Aln-MOF and MOF. (C) Flow analysis 
diagram. (D) There was no significant difference in the number of RhoB-stained Aln-MOF and MOF (P > 0.05). (E) There was no significant difference in the fluorescence 
intensity between RhoB-stained Aln-MOF and MOF (P > 0.05).
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Aln-MOF accumulate in the kidney slowly and the renal 
excretion extended to 24 hours. This phenomenon might 
be related to the bone targeting of the material which was 
similar to previous studies.27,36,37 Material accumulates in 
bone metastases, reducing the amounts of materials in 
blood circulation. As a result, the slower renal excretion 
of Aln-MOF also proved the bone targeting and long-term 
action of Aln-MOF.

At present, there are two main bone targeting mechan
isms. One is to target bone-specific cells such as osteo
clasts or osteoblasts in bone tissues, including the current 

major bone targeting drugs, such as RANKL monoclonal 
antibodies. The other is to target bone matrix such as 
hydroxyapatite, including bisphosphonates and so on.38,39 

It can be seen that bisphosphonate has a high affinity with 
hydroxyapatite. Aln is the third generation of bisphospho
nates, and its safety and efficacy have been clinically 
proven. In this study, Aln-MOF nanoparticles were synthe
sized by using Aln as bone targeting molecule. Because of 
its good bone targeting property, Aln-MOF can be used as 
a drug carrier for the treatment of bone metastases. In our 
study, although Aln-MOF had good bone targeting, it still 

Figure 7 Distribution of MOF and Aln-MOF in mice. 
Notes: (A) The blood duration of Aln-MOF was longer than MOF. The longer retention time of blood circulation was in favour of the nanoparticle enrichment at the tumor 
site. (B) The distribution of Aln-MOF and MOF were observed in mice using a multi-mode optical in vivo imaging system. MOF was rapidly eliminated, while Aln-MOF 
enriched at tumor site for a long time. At 24 hours, the amount of Aln-MOF at bone metastases site was larger than MOF.

Figure 8 Distribution of MOF and Aln-MOF in different organs after sacrificing the mice at 24h after injection. 
Notes: (A) Three mice’s different organs were detected by a multi-mode optical in vivo imaging system. (B) Aln-MOF mostly concentrated at bone metastases site, 
indicating that Aln-MOF had good bone targeting, while MOF mainly concentrated in liver. It showed that the enrichment of Aln-MOF at bone metastases site was 
significantly higher than MOF. Significant difference between groups was indicated as *p < 0.05.
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enriched in the liver which would affect the therapeutic 
effect to a certain extent. This phenomenon currently 
exists in many materials. At present, all targeted modifica
tion cannot avoid the removal effect of mononuclear pha
gocyte system (MPS) system in liver, and this is a difficult 
problem in the whole field of nano drug delivery. As 
a result, all the modifications of targeted therapy hope to 
improve the enrichment of the target region and improve 
the drug delivery effect as much as possible. The devel
opment of multiple therapeutic approaches is needed to 
solve liver clearance problem.

In addition, considering that most bone metastases are 
lytic bone metastases, Aln not only provides our nanoparti
cles bone targeting property but also has therapeutic effect 
on lytic bone destruction. Aln can play an important role in 
the following three aspects: 1. Aln directly acts on osteo
clasts to change their morphology and promote apoptosis; 2. 
It binds to the bone matrix in the microenvironment of bone 

tissue and interferes with bone resorption. As a result, this 
will inhibit osteolysis. 3. It inhibits osteoblasts from releas
ing cytokines to repair damaged osteoclasts.40–42 It can be 
seen that Aln-MOF can not only be used as a carrier to 
deliver chemotherapy drugs but also has therapeutic effect 
on osteolysis related to bone metastases.

Based on the good biocompatibility, bone targeting and 
drug release function of Aln-MOF, it laid the foundation 
for us to encapsulate DOX to treat bone metastases. The 
killing effect of DOX on tumor cells has been confirmed 
by previous clinical studies. DOX is applied in a variety of 
malignant tumors and has broad-spectrum anti-tumor 
effect. DOX inhibits macromolecular protein biosynthesis 
by interacting with tumor cell DNA, which further inhibits 
the synthesis of topoisomerase II and disrupts the DNA 
superhelix to interfere with transcriptional function. In 
addition, DOX can also produce free radicals and induce 
DNA and cell membrane damage.43,44

Figure 9 The changes of tumor volume and weight after different treatment were detected in animal experiments. 
Notes: (A) The tumor volume of bone metastatic tumor was calculated on day 0, 2, 4, 6, 8, 10, 12, 14, 16 and 18, and it was found that Aln-MOFDOX and MOFDOX could 
slow down the growth of bone metastases compared with PBS. (B) No significant differences were found in the weight of mice on day 0, 2, 4, 6, 8, 10, 12, 14, 16 and 18, 
which proved that Aln-MOF and Aln-MOFDOX were safe to body. (C) After the mice were sacrificed on day 18, the weight of tumor tissues in mice was calculated. Aln- 
MOFDOX could significantly reduce the weight of tumor tissues compared with DOX (p < 0.01) and MOFDOX (p < 0.05). (D) The photographs of three typical tumor 
specimens were recorded. Significant difference between groups was indicated as **p < 0.01, #p < 0.05.
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But our study still has some limitations. First, the 
mechanism of Aln-MOF remains to be fully elucidated. 
Second, this nanoparticle shall be tested in mammal. 
Further studies are needed to evaluate the drug delivery 
property of Aln-MOF in the treatment of bone metastases.

Conclusion
This study confirmed that the Aln-MOF prepared by us 
has good stability, bone targeting and biosafety. After 
encapsulated with DOX, Aln-MOFDOX was able to rapidly 
reach higher concentrations at the bone metastases and 
could effectively kill tumor cells by releasing DOX. Aln- 
MOFDOX would not damage other normal organs. In sum
mary, Aln-MOF is a new and effective bone targeting 
nano-delivery carrier, which has a very promising applica
tion prospect in the treatment of bone metastasis. We will 

continue to optimize the characteristics of Aln-MOF and 
apply it into clinical practice.
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