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A B S T R A C T

Bone malignancy features a mineralized extracellular matrix primarily composed of hydroxyapatite, which in-
terferes with the distribution and activity of antineoplastic agents. Herein, we report bone tumor-homing poly-
meric nanotherapeutics consisting of alendronate-decorated chondroitin sulfate A-graft-poly(lactide-co-glycolide)
and doxorubicin (DOX), named PLCSA-AD, which displayed a prolonged retention profile in the tumor micro-
environment and augmented therapeutic efficacy via inhibition of the mevalonate pathway. PLCSA-AD exhibited
a 1.72-fold lower IC50 value than free DOX and a higher affinity for hydroxyapatite than PLCSA in HOS/MNNG
cell-based 2D bone tumor-mimicking models. The inhibition of the mevalonate pathway by PLCSA-AD in tumor
cells was verified by investigating the cytosolic fraction of unprenylated proteins, where blank PLCSA-AD
significantly increased the expression of cytosolic Ras and RhoA without changing their total cellular amounts.
In a bone tumor-mimicking xenografted mouse model, AD-decorated nanotherapeutics significantly increased
tumor accumulation (1.73-fold) compared with PLCSA, and higher adsorption to hydroxyapatites was observed in
the histological analysis of the tumor. As a result, inhibition of the mevalonate pathway and improvement in
tumor accumulation led to markedly enhanced therapeutic efficacy in vivo, suggesting that PLCSA-AD could be
promising nanotherapeutics for bone tumor treatment.
1. Introduction

The highly mineralized extracellular matrix of malignant bone tumors
is composed primarily of hydroxyapatites (Ca10(PO4)6(OH)2), whose
physicochemical properties can modulate tumor progression [1]. For the
treatment of malignant bone tumors, various anticancer agents,
including doxorubicin, methotrexate, and cisplatin, are recommended as
first-line treatment options [2]. However, the mineralized matrix of the
bone tumor hinders the accumulation of anticancer agents, resulting in
limited therapeutic effect and drug resistance [3]. Therefore, practical
strategies for enhancing the drug distribution to bone tumors and anti-
tumor efficacy are required to achieve an effective cancer therapy.

Among the various strategies, mevalonate pathway inhibition is an
effective option for bone cancer treatment, resulting in the promotion of
tumor apoptosis. The mevalonate pathway plays a central role in cellular
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metabolism, providing essential metabolites for multiple cellular pro-
cesses [4]. Thus, inhibition of the mevalonate pathway in tumor cells
would affect cell viability and increase tumor-suppressive effects [5]. The
representative mevalonate pathway inhibitors are nitrogen-containing
bisphosphonates that interfere with the post-translational prenylation
of small GTP-binding proteins [6]. In addition, the bisphosphonate
groups of these compounds can form strong ionic interactions with hy-
droxyapatite, thereby increasing their biodistribution to the mineralized
matrix of the bone. However, the agents themselves show low cellular
availability because of their hydrophilic and negatively charged features,
which impede their access to the cell membrane [7,8]. In this regard,
bisphosphonate-containing biomaterials that can promote cellular up-
take efficiency and inhibit the mevalonate pathway are required for
effective bone tumor therapy.

Chondroitin sulfate A (CSA) is a biocompatible and biodegradable
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glycosaminoglycan that can bind to CD44 receptors, which are overex-
pressed on the surface of various tumor cells, including osteosarcoma
[9–12]. As the CSA–CD44 interaction triggers endocytosis, this mecha-
nism can be exploited to introduce cargo molecules (i.e., adsorbed or
conjugated to CSA) into tumor cells, regardless of their hydrophilicity
[9]. Moreover, our previous study confirmed the liberation of both
conjugated and adsorbed cargo molecules from polysaccharide de-
rivatives upon endolysosomal uptake, by which they regain their unique
activities against cancer cells [13]. Therefore, we hypothesized that
nanotherapeutics (NTs) composed of CSA might efficiently deliver con-
jugated bisphosphonates, as well as loaded antineoplastic agents, into
bone tumor cells [14,15].

Previously reported nanoplatforms for bone cancer treatment have
tended to focus only on the targeting ability to the bone tumor micro-
environment (TME). However, alendronate-decorated polylactide-co-
glycolide-conjugated chondroitin sulfate A (PLCSA-AD) that we report
here is an advanced bone-TME targeted NT with innate tumor-
suppressive activities (Fig. 1). We decorated alendronate (AD) on the
surface of the NTs to enhance the bone tumor targetability and efficacy
based on the following rationales: (1) Due to its clinical availability and
high pharmacological potency, AD was considered to be a preferred
option for treating bone-related diseases [16]; (2) The molecular struc-
ture of AD features a primary amine end, which confers inhibitory effects
on farnesyl diphosphate synthase in the mevalonate pathway and on
bone-resorbing osteoclasts [16–18]; and (3) two phosphonate groups
within the structure are capable of forming strong charge-charge in-
teractions with hydroxyapatites in the bone TME, leading to improved
tumor distribution and retention [19].

Moreover, the CSA shell of PLCSA-AD could interact with CD44 re-
ceptors on bone tumor cells, promoting endocytosis. In tumor cells, NTs
could be degraded by endolysosomal enzymes, followed by the release of
AD and doxorubicin (DOX), a cargo antineoplastic drug. The released AD
Fig. 1. Schematic illustration of the strategies
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would inhibit the mevalonate pathway in tumor cells, enhancing the
anticancer activity of DOX. Improved targeting ability to the bone TME
and enhanced apoptotic processes via inhibition of the mevalonate
pathwaywere demonstrated using various in vitro and in vivo bone tumor-
mimicking models.

2. Materials and methods

2.1. Materials

CSA (average 37 kDa), 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC), N-hydroxysuccinimide (NHS), hydroxyapatite, and trie-
thylamine (TEA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Poly(lactide-co-glycolide)-diamine (PLGA-NH2; 5000 – 10,000 Da)
was obtained from Akina (West Lafayette, IN, USA). AD (sodium trihy-
drate form) was purchased from Tokyo Chemical Industry Co. Ltd.
(Tokyo, Japan). DOX (HCl salt) was obtained from LC Laboratories
(Woburn, MA, USA).
2.2. Synthesis of PLCSA-AD

PLCSA-AD was synthesized via an EDC/NHS coupling reaction.
Briefly, CSA (37.5 mg) was dissolved in formamide (FA; 3.6 mL) at 100
�C and cooled to room temperature. PLGA-NH2 (60 mg) was dissolved in
dimethyl sulfoxide (DMSO; 1.2 mL). EDC (20.6 mg) and NHS (12.4 mg)
were added to the CSA solution and the mixture was stirred for 30 min to
activate the carboxylic acids. Subsequently, PLGA-NH2 and TEA (29.91
μL) were added slowly to the mixture and stirred at 45 �C for 24 h. AD
was conjugated to the PLCSA, where EDC (10.3 mg) and NHS (6.2 mg)
were added to the mixture and the AD solution was added dropwise,
followed by incubation for 24 h. For the preparation of PLCSA, this step
proceeded without the addition of AD. After the reaction, the mixture
of bone tumor-homing nanotherapeutics.
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was dialyzed (molecular weight cut-off: 12–14 kDa) against water for 48
h and lyophilized. The lyophilized powder was washed twice with
acetone to remove unreacted PLGA-NH2 and lyophilized again to obtain
PLCSA or PLCSA-AD powder. The resulting white powder was stored at
4–8 �C until further use. The synthesized polymer was evaluated using
proton nuclear magnetic resonance (1H NMR; Varian FT-500 MHz; Var-
ian, Inc., Palo Alto, CA, USA) and phosphorus-31 nuclear magnetic
resonance (31P NMR; Avance III-500; Bruker, Billerica, MA, USA).
2.3. Preparation and characterization of DOX-loaded PLCSA and PLCSA-
AD

DOX base was used as a model hydrophobic anticancer agent. DOX
base was prepared from DOX HCl and separated using a liquid-liquid
extraction method. Briefly, DOX HCl (60 mg) was dissolved in DW (10
mL) and TEA (50 μL) was added. Then, chloroform (40 mL) was added,
and the mixture was vigorously mixed. The chloroform phase was
collected and evaporated completely using a rotary evaporator. The red
precipitate was dissolved in dimethyl sulfoxide (DMSO) and lyophilized.

To prepare DOX-loaded PLCSA and PLCSA-AD, DOX (1 mg) and
polymer (5 mg) were dissolved in a mixture of DMSO and FA (1 mL, 1:1,
v/v). The solvent was evaporated under a N2 gas stream for 24 h at 70 �C
to obtain a drug/polymer composite film. The film was resuspended in
DW (1 mL) by conducting tip sonication (SONICS & MATERIALS, Inc.,
Newtown, CT, USA), and the resulting suspension was filtered through a
syringe filter (0.45-μm pore size; Minisart RC 15, Sartorius Stedim
Biotech GmbH, Goettingen, Germany).

To measure the entrapment efficiency, the dispersion of NTs was
disrupted with DMSO (50 times volume), and the concentration of DOX
was analyzed using a high-performance liquid chromatography (HPLC)
system equipped with a separation module (Waters e2695; Waters Co.,
Milford, MA, USA), fluorescence detector (Waters 2475; Waters Co.), and
reverse-phase C18 column (Xbridge RP18, 250 � 4.6 mm, 5 μm; Waters
Co.). The mobile phase comprised 1 mM potassium phosphate buffer (pH
2.5, adjusted with phosphoric acid) and acetonitrile with 0.1% TEA
(71:29, v/v). The flow rate was set to 1.0 mL/min, and the injection
volume was 20 μL. The eluent was monitored at excitation and emission
wavelengths of 470 nm and 565 nm, respectively. Particle size and zeta
potential were measured using an ELS-Z (Otsuka Electronics, Osaka,
Japan).

The morphology of the NTs was observed by field-emission trans-
mission electron microscopy with energy-dispersive spectroscopy (FE-
TEM; JEOL, Tokyo, Japan). The samples were prepared on a copper grid
with a carbon film, and atomic analyses were conducted on oxygen and
phosphorus. The colloidal stability of the developed NTs was tested in
phosphate-buffered saline (PBS) and 20% fetal bovine serum (FBS; ATCC,
Manassas, VA, USA) in PBS for 24 h to assess the changes in particle size.
Mean hydrodynamic diameter and polydispersity index (PDI) were
measured using an ELS-Z instrument (Otsuka Electronics).

In vitro DOX release patterns from the NTs were evaluated using mini-
GeBAflex tubes (molecular weight cut-off: 14 kDa; Gene Bio-Application
Ltd., Yavne, Israel). The NT suspension (100 μL) was loaded into the tube
and immersed in PBS at various pH values (30 mL; pH 5.5, 6.8, and 7.4,
adjusted with phosphoric acid), followed by incubation in a shaking
water bath at 37 �C (50 rpm). Aliquots of the release medium (0.2 mL)
were collected at 2, 4, 6, 8, 24, and 48 h, and the same amount of fresh
medium was replenished at each time. The amount of DOX in each
sample was analyzed using HPLC. The profile of the cumulative drug
release (F; %) over time (t) was fitted using mathematical models, the
equations of which are as follows:
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Korsmeyer–Peppas model : F¼ kKP � tn

Peppas–Sahlin model : F¼ k1 � tm þ k2 � t2m

where Fmax is the maximum cumulative release and k, kH, kBL, kKP, k1, and
k2 are the release rate constants of the corresponding models.

2.4. Cellular experiments

HOS/MNNG, a human osteosarcoma cell line, was obtained from
ATCC and cultured in Eagle's minimum essential medium (EMEM; ATCC,
Manassas, Virginia, USA) supplemented with 10% FBS (ATCC) and 1%
PS (Welgene, Gyeongsan-si, Republic of Korea) at 37 �C in a 5% CO2

atmosphere. The distribution of DOX in HOS/MNNG cells and hy-
droxyapatite was visualized using a confocal laser scanning microscope
(CLSM; TCS8; Leica Microsystems, Wetzlar, Germany). We used an in
vitro bone tumor microenvironment-mimicking cell culture model to
simulate the behavior of NTs in the bone TME. Briefly, hydroxyapatite
beads (1 mg) and collagen solution (10 μg; Corning Inc., Corning, NY,
USA) were mixed and evenly dispersed onto a cell culture slide (2 cm2).
The liquid phase was then completely dried at 25 �C for 24 h to obtain
hydroxyapatite-coated slides. HOS/MNNG cells (3 � 105 cells) were
cultured on hydroxyapatite-coated slides for 24 h and treated with the
DOX solution or DOX-loaded NT suspension at a DOX concentration of
20 μg/mL. To verify chondroitin sulfate-mediated cellular uptake, free
CSA was used as a competitive inhibitor. After incubation for 1 h, the
cells were washed gently with PBS and fixed in a 4% (v/v) formaldehyde
solution for 3 min. Cell nuclei were stained with 4,6-diamidino-2-phenyl-
indole (DAPI; Vector Laboratories, Burlingame, CA, USA). Z-stack ob-
servations were performed at a depth of 20 μm to combine multiple
images captured at various focal distances.

For relative quantification of cellular uptake, HOS/MNNG cells (1.5
� 105 cells) were cultured in a 6-well plate. The DOX solution or DOX-
loaded NTs (20 μg/mL DOX) were incubated at 37 �C for 1 and 3 h.
After incubation, the cells were rinsed twice with PBS and trypsinized
from the plate, followed by centrifugation at 1000 �g for 5 min. The cell
pellets were resuspended in PBS containing 2% FBS and analyzed using a
FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA).

To count apoptotic cells after treatment, HOS/MNNG cells (3.0� 105

cells) were cultured in a 6-well plate, followed by treatment with DOX
solution or DOX-loaded NTs. The cells were incubated at 37 �C for 72 h.
The cells and supernatant were collected and stained with the Annexin V-
FITC Early Apoptosis Detection Kit (Cell Signaling Technology) accord-
ing to the manufacturer's protocol. The prepared samples were analyzed
using BD FACS Lyric (BD Biosciences).

The in vitro antitumor activity of DOX-loaded NTs was evaluated
using the 3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay. HOS/MNNG cells were seeded in
96-well plates and incubated for 72 h with DOX solution or DOX-loaded
NTs at various DOX concentrations (0.2, 1, 2, 3, and 4 μM). After
removing the treated solution, MTS reagent (Cell Titer 96 AQueous One
Solution Reagent; Promega, Madison, WI, USA) was added to the cells,
and they were incubated at 37 �C for 4 h. The absorbance of each well
was measured at 490 nm using a UV–Vis spectrophotometer (EMax
Precision Microplate Reader; Molecular Devices). The drug concentra-
tion at 50% of maximum inhibition (IC50) was calculated using Prism
8.0.2 (GraphPad Software, San Diego, CA, USA).

2.5. Affinity for hydroxyapatite

The affinity of PLCSA-AD for hydroxyapatites was evaluated by
analyzing the amount of DOX adsorbed onto hydroxyapatites by flow
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cytometry. PLCSA and PLCSA-AD (2.5, 5, 10, and 25 μg/mL DOX) were
incubated with hydroxyapatite beads (2 mg) under vigorous vortex
mixing for 1 min. The hydroxyapatites were sorted and quantified using
FACS Calibur (BD Biosciences) in the fluorescence-2 channel to detect
DOX signals.

2.6. Western blot

HOS/MNNG cells (3.0 � 105 cells) were cultured in 6-well plates. For
analysis of apoptotic markers, DOX solution or DOX-loaded NTs (4 μM as
DOX) were incubated at 37 �C for 72 h. Similarly, for the analysis of
intermediates of the mevalonate pathway, the cells were treated with
blank biopolymers at four different concentrations of PLCSA or PLCSA-
AD (0, 200, 500, and 1000 μg/mL) at 37 �C for 72 h. The cells were
washed with PBS and lysed with RIPA lysis buffer containing a protease
inhibitor, followed by probe sonication for 10 s under ice. The samples
were incubated under ice conditions for 30 min and centrifuged at
13,000 rpm at 4 �C for 10 min. The total protein concentration of the
supernatant was measured using a BCA assay kit (Thermo Fisher Scien-
tific, Waltham, MA, USA). Aliquots of the sample solution were collected
and subjected to denaturation at 42 �C for 30 min. The prepared samples
were loaded (20 μg of total protein) and separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Millipore, Burlington,
MA, USA). The membrane was incubated with 5% non-fat milk at room
temperature for 60 min to prevent non-specific protein binding, followed
by incubation with primary rabbit antibodies against p53, Fas-associated
death domain (FADD), caspase-9, caspase-3, RhoA, Ras, phosphoryalated
extracellular signal-regulated kinase 1/2 (phospho-p44/42 MAPK (Erk1/
2) (Thr202/Tyr204)), the phosphorylated mitogen-activated protein ki-
nase (phospho-MEK1/2 (Ser217/221)), beta-actin, or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) at 4 �C overnight. The membrane
was washed with Tris-buffered saline containing 0.1% Tween 20 and
incubated with anti-rabbit IgG and horseradish peroxidase (HRP)-linked
antibodies at room temperature for 2 h. After washing with Tris-buffered
saline containing 0.1% Tween 20, the membrane was treated with HRP
substrate (Thermo Scientific™ SuperSignal™ West Femto Maximum
Sensitivity Substrate, Thermo Scientific, Waltham, MA, USA) and
analyzed using ImageQuant (LAS4000, GE Healthcare, Chicago, IL, USA).
Anti-p53, FADD, caspase-3, caspase-9, beta-actin, GAPDH, Ras, RhoA, p-
ERK, and p-MEK were purchased from Cell Signaling Technology (Dan-
vers, MA, USA).

For the analysis of cytosolic proteins, the cells were rinsed once with
PBS and trypsinized from the plate, followed by centrifugation at 1000
�g for 5 min. The pellet was reconstituted in PBS and centrifuged again
(1000 � g for 5 min). Cytosolic proteins were extracted from the pellet
using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer's protocol.
The quantification and western blot protocols for the extracted cytosolic
protein samples were the same as those described above.

2.7. Animal model

BALB/c nude mice (female, 5 weeks old; Nara Biotech, Seoul, Re-
public of Korea) were reared in a light-controlled room at a temperature
of 22 � 2 �C and a relative humidity of 55 � 5% (Animal Center for
Pharmaceutical Research, College of Pharmacy, Seoul National Univer-
sity, Seoul, Republic of Korea) to establish heterotopic bone tumor
xenograft models. The animal experimental protocol (SNU-210121-10-1)
was approved by the Animal Care and Use Committee of Seoul National
University. The heterotopic bone tumor model was prepared by subcu-
taneous inoculation of the tumor cell suspension with bone matrix
components in the lower right flank of the mice. The suspension con-
sisted of HOS/MNNG cells (5 � 106 cells) and hydroxyapatite beads (2
mg) dispersed in a mixture of culture medium and Matrigel (1:1, v/v;
total volume of 0.1 mL) under cold conditions. Hydroxyapatites were
4

washed with ethanol and dried overnight to prevent microbial contam-
ination before use.

2.8. Near-infrared fluorescence (NIRF) imaging

The behavior of Cy5.5-labeled NTs was monitored in a heterotopic
model. Briefly, Cy5.5-amine (300 μg; Flamma® 675 NHS ester; BioActs,
Incheon, Republic of Korea) was conjugated to CSA via an EDC/NHS
coupling reaction in the final step of the synthesis, and all other steps
were the same as described in the Section Synthesis of PLCSA-AD. The
final product was dialyzed in DW for three days and filtered (0.45 μm) to
remove the unreacted Cy5.5-amine completely. The resulting NIRF dye-
tagged NTs were administered into the tail vein of tumor-bearing mice at
a Cy5.5 dose of 0.1 mg/kg after the tumor volume reached 100–150
mm3, which was calculated as follows: 0.5� longest diameter� (shortest
diameter)2. The whole body was scanned using a VISQUE InVivo Smart
(Vieworks, Anyang, Korea) equipped with CleVue™ software (Vieworks)
at 0, 1, 3, 6, 9, and 24 h post-injection. The mice were euthanized 24 h
after injection, and their tumors and major organs (heart, liver, kidney,
lung, and spleen) were dissected for ex vivo analysis. For histological
analysis, the tumors were sectioned and stained with alizarin red S
(Sigma-Aldrich). The distribution of Cy-labeled NTs inside the tumors
was observed using CLSM (TCS8; Leica Microsystems).

2.9. In vivo antitumor efficacy

In vivo antitumor efficacy was evaluated using a hydroxyapatite-
containing tumor model. The tumor volume (mm3) and body weight
(g) of the mice were monitored daily after inoculation. The experimental
groups included PBS (control), DOX solution, PLCSA, and PLCSA-AD. The
formulations were administered intravenously at a DOX dose of 5 mg/kg
on days 5, 7, and 9. On day 12, the tumor tissues of each mouse were
excised and weighed. Tumors and major organs, including the heart,
liver, kidney, and spleen, were sliced and stained for histological anal-
ysis. The terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was performed on the tumor tissues, and other organs
were stained with hematoxylin and eosin (H&E).

2.10. Antibody microarray analysis

Protein expression patterns in tumors after treatment were investi-
gated using the Signaling Explorer Antibody Array Kit (Fullmoon Bio-
system, Inc., Sunnyvale, CA, USA). To prepare the samples, the DOX
solution or NTs were intravenously injected (5 mg/kg as DOX) daily for
three days into the bone tumor-mimicking mice after the tumor volume
reached 100–150 mm3. PBS-treated mice were used as the control group
for the fold-change analyses. One day after the final treatment, each
tumor was dissected, and the soluble proteome was collected with pro-
tein extraction buffer (Fullmoon Biosystems) containing 1% phosphatase
inhibitor cocktail (Sigma-Aldrich), 1% protease inhibitor cocktail
(Sigma-Aldrich), and lysis beads (Fullmoon Biosystems). The extracted
protein was purified using a gel matrix column. The column matrix was
pre-rinsed by vortex mixing for 5 s, hydrated for 60 min at room tem-
perature, and centrifuged at 750 �g for 2 min. The column was then
moved into a collection tube, to which an aliquot (100 μL) of the protein
sample was loaded. The columnwas centrifuged at 750� g for 2min. The
protein concentration of the purified samples was determined with a BCA
protein assay kit (Pierce, Rockford, IL, USA) using a NanoPhotometer™
(Implen GMBH, Munich, Germany). The purity of the samples was
assessed based on the UV absorbance. The prepared samples were sub-
jected to an antibody microarray assay according to the manufacturer's
protocol. The intensities of the array slides were analyzed using a Gen-
ePix 4100A scanner (Molecular Devices, San Jose, CA, USA) at a reso-
lution of 10 μm. Scanned images were quantified using GenePix software
(version 7.0; Molecular Devices) and annotated using the UniProt
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database (UniProt Consortium). Data mining and visualization were
performed using ExDEGA (Ebiogen Inc., Seoul, Korea). Gene set enrich-
ment analysis (GSEA) was conducted using GSEA 4.1.0 software (Broad
Institute, Inc., MA, USA).

2.11. Statistical analysis

All experiments were performed at least three times, and data are
presented as the mean � standard deviation (SD). Statistical analyses
were performed using analysis of variance (ANOVA) with Tukey's mul-
tiple comparison test or a two-tailed t-test. Statistical significance was set
at p < 0.05.

3. Results and discussion

3.1. Synthesis and characterization of PLCSA-AD

In this study, PLGA was employed for drug encapsulation and sus-
tained release [20]. AD and PLGA-NH2 were grafted to the CSA backbone
via amide bond formation to synthesize the amphiphilic graft copolymer
PLCSA-AD (Fig. 2a). The successful conjugation of PLGA was verified by
1H NMR, where the characteristic peaks of CSA (a, 1.8 ppm of –CH3; b,
8.2 ppm of –NHCO), PLGA (c, 1.0–1.1 ppm of –CH2; d, 2.7 ppm of –CH3),
and amide bonds (e, 8.0–8.1 ppm) were identified (Fig. 2b). The
composition of CSA and PLGA in the copolymer was calculated to be
1:0.56, by comparing the integration of peaks a and c. The phosphorus
peak from the bisphosphonate of PLCSA-AD (f, �0.749 ppm) was
Fig. 2. Synthesis of PLCSA-AD. (a) Synthetic scheme of CSA-PLGA-AD conjugate (PLC
1H NMR of amide bonds. Chemical shifts representing CSA (a, b) and PLGA (c, d) wer
a mixture of DMSO-d6 and D2O (1:1, v/v) for the NMR analyses.
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detected by 31P NMR (Fig. 2c), whereas no peak was observed in PLCSA
(i.e., the CSA-PLGA copolymer without AD decoration) (Fig. S1). More-
over, the chemical shift of PLCSA-AD was quite different from that of free
AD (18.2 ppm; Fig. S1), implying the successful conjugation of AD to
PLCSA.

After DOX loading, the NTs exhibited a spherical morphology with a
unimodal size distribution (Fig. 3a and b), suggesting the successful self-
assembly of the developed polymers. The observed PLCSA-AD was
further investigated by atomic analysis, where white, green, and red
colors indicate the bright field, oxygen, and phosphorus, respectively
(Fig. 3c). The intensity of phosphorus is likely derived primarily from the
ADmoieties (C4H12NO7P2), whereas the carbon and oxygen signals likely
arise from all components, including AD, CSA (monomer: C14H23NO15S),
PLGA (monomer: C5H8O5), and DOX (C27H29NO11). The presence of a
phosphorus signal in the overlapped image supports the existence of a
surface AD. Fig. 3d presents details of the physicochemical properties of
the developed NTs. PLCSA-AD showed a mean diameter of 217.9 � 4.6
nm with a polydispersity index (PDI) value of 0.15 � 0.02. Although
PLCSA exhibited a larger mean diameter of 266.8 � 2.4 nm with a PDI
value of 0.12 � 0.01, the particle sizes of both NTs were considered
suitable for size-dependent distribution through inter-endothelial gaps in
the tumor vasculature [21]. Of note, PLCSA-AD exhibited more nega-
tively charged zeta-potential values (�35.1 � 2.3 mV) than did PLCSA
(�20.0� 1.2 mV), which could result from the anionic feature of surface
ADmoieties under physiological conditions. The greater negative surface
charge would increase electrostatic repulsive forces and thus contribute
to the colloidal stability in biological fluids [22]. The developed NTs
SA-AD), and its verification by (b) 1H NMR and (c) 31P NMR. The inset indicates
e assigned in the spectrum of PLCSA-AD. The polymer conjugate was dissolved in



Fig. 3. Characterization of PLCSA-AD. (a) Histogram of size distribution and (b) field-emission transmission electron microscopy images. The length of the scale bar is
200 nm. (c) Atomic analysis of PLCSA-AD. White, green, and red colors indicate bright field, oxygen, and phosphorus, respectively. The length of the scale bar is 100
nm. (d) Summary of physicochemical properties. (e) Measurement of mean diameter in PBS or 20% FBS for 24 h. (f) In vitro DOX release profile under three different
pH conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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efficiently entrapped DOX inside their inner cavity, of which the
entrapment efficiency was calculated as 94.9 � 2.6% in PLCSA and 90.7
� 0.7% in PLCSA-AD. Fig. 3e shows the colloidal stability of PLCSA and
PLCSA-AD in biological fluids for up to 24 h. The mean diameters of both
NTs were maintained in PBS. Similarly, the particle size showed no sig-
nificant time-course changes in 20% FBS, without any sign of aggrega-
tion. These results imply that non-specific adsorption of serum
components could be negligible after intravenous administration.

Fig. 3f shows in vitro DOX release profiles from PLCSA and PLCSA-AD
at three different pH conditions, where pH 5.5, 6.8, and 7.4 corresponded
to the pH of the endocytic compartment inside the tumor cell (e.g.,
lysosome), TME, and normal physiological conditions (e.g., plasma),
respectively. The rate of DOX release increased significantly at pH 5.5,
showing a 1.9-fold higher cumulative release after 48 h than at pH 7.4.
The pH-dependent release pattern suggests that DOX exposure could be
more selective in tumor tissues than in normal tissues, contributing to
improved antitumor efficacy and safety [23,24]. Furthermore, the NTs
showed a sustained DOX release over 48 h. The hydrophobic nature of
the PLGA segment in NTs structure may contribute to this desirable
release pattern for parenteral formulations [25]. To further investigate
the release properties, each profile was fitted by four different
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mathematical dissolutionmodels (Table S1). Among these, the first-order
model with Fmax showed the highest correlation coefficient, indicating
that the rate of DOX release was directly proportional to the concentra-
tion of the drug inside the NTs.
3.2. Cellular uptake and hydroxyapatite affinity tests in 2D bone tumor-
mimicking cell culture model

To assess the tumor cell uptake and hydroxyapatite binding of NTs
simultaneously, we developed a 2D bone tumor-mimicking cell culture
model, wherein bone tumor cells were cultured in hydroxyapatite beads
and collagen mixture-coated plates to mimic the mineralized bone TME
[26]. In this investigation, HOS/MNNG was selected as a human osteo-
sarcoma model cell line, given its high tumorigenicity and ability of
colony-forming, invasion, and proliferation, which are characteristics of
bone cancer [27]. In addition, hydroxyapatite beads served as non-toxic
mineralized support to the tumor cells under the experimental conditions
(Fig. S2).

Fig. 4a shows the fluorescence intensities of DAPI and DOX after in-
cubation with NTs. The intensity of DOX increased significantly in NT-
treated tumor cells, suggesting an improved cellular uptake efficiency



Fig. 4. In vitro cellular uptake and affinity for hydroxyapatites in 2D bone tumor-mimicking cell culture model. (a) CLSM images of 2D bone tumor-mimicking cell
culture model after treatment. The length of the scale bar is 20 μm. (b, c) Flow cytometry analyses of (b) HOS/MNNG cells incubated for 1 or 3 h after treatment and
(c) hydroxyapatite beads with various DOX/hydroxyapatite beads ratios. (d) MTS assay of HOS/MNNG cells after treatment. *p < 0.0005; **p < 0.0001.
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compared with that of the DOX solution. This efficient cellular uptake
could be explained by the interactions between CSA and its cognate re-
ceptors on the tumor cell surface, such as CD44, and subsequent receptor-
mediated endocytosis [28,29]. The cellular uptake of PLCSA-AD signifi-
cantly decreased when free CSA was added as a competitive inhibitor of
surface receptors, which supports the involvement of the
receptor-mediated endocytosis mechanism. Notably, the background
intensity of the PLCSA-AD and PLCSA-AD þ CSA groups was higher than
that of the PLCSA group, suggesting a higher hydroxyapatite binding
affinity for AD-decorated NTs than that of the unmodified ones. More-
over, the Z-stack images clearly showed a higher distribution of
AD-conjugated NTs in the bone-matrix-mimicking layer compared with
PLCSA.

To further confirm the hypothesis that the bisphosphonate group of
AD might induce ionic interactions between hydroxyapatite and PLCSA-
AD, the cellular uptake efficiency and hydroxyapatite-binding ability of
PLCSA-AD were evaluated separately by flow cytometry. In tumor cells,
the fluorescence intensity of DOX was significantly higher in the NT-
treated groups than in the DOX solution-treated group, and the in-
tensity of the PLCSA-AD group markedly decreased when free CSA was
added (Fig. 4b). In hydroxyapatite beads after incubation with NTs, both
PLCSA and PLCSA-AD showed a concentration-dependent adsorption
pattern (Fig. 4c). As measured in Fig. 3d, the PLCSA itself had a suffi-
ciently high negative surface charge (�20.0 � 1.2 mV) to cause elec-
trostatic attraction with hydroxyapatites, which explains the
proportional increase in the fluorescence intensity with respect to the
DOX/hydroxyapatite ratio. A higher negative surface charge by AD
decoration (�35.1 � 2.3 mV) provided PLCSA-AD with stronger
adsorption ability than PLCSA, exhibiting a steeper line slope. These
cytometric results are consistent with the CLSM images, suggesting that
PLCSA-AD is localized effectively in the mineralized matrix of the bone
TME, as well as in tumor cells.

In vitro cytotoxicity against HOS/MNNG cells was evaluated using the
MTS assay (Fig. 4d). PLCSA and PLCSA-AD exhibited significantly lower
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cell viability than the DOX solution, with IC50 values of 3.043� 0.126 μM
for the DOX solution, 2.202 � 0.050 μM for PLCSA, and 1.269 � 0.156
μM for PLCSA-AD. The enhanced antitumor activities of PLCSA and
PLCSA-AD could be attributed to their higher cellular uptake efficiency
compared with that of the DOX solution (Fig. 4b). Interestingly, PLCSA-
AD exhibited significantly higher anticancer activity than that of PLCSA.
It can be inferred that PLCSA-ADmay have served as a chemosensitizer of
DOX, considering that the cellular uptake efficiency of PLCSA and
PLCSA-AD in the tumor-cell-alone model was almost the same (Fig. 4b)
and that the blank polymers themselves (i.e., PLCSA and PLCSA-AD
without DOX) exhibited no cytotoxicity up to 1 mg/mL (Fig. S3).

3.3. Apoptotic process and mevalonate pathway inhibition

To further investigate the enhanced tumor-suppressive effects of
PLCSA-AD observed in the cytotoxicity study (Fig. 4d), we analyzed NT-
treated cells at the cellular and molecular levels. First, changes in
membrane components and integrity were evaluated using annexin V-
FITC/PI double staining (Fig. 5a). In the contour plots, the DOX solution
and PLCSA induced early and late apoptosis of the tumor cells, leaving
less than 15% live cells. Interestingly, PLCSA-AD further increased the
early (33.6 � 2.7%; p < 0.001), late (60.5 � 0.7%; p < 0.001), and total
(94.1 � 2.0%; p < 0.0001) apoptosis compared with the PLCSA group
(22.2 � 0.6% in early apoptosis; 57.2 � 0.7% in late apoptosis; and 79.4
� 0.1% in total apoptosis), which is consistent with the cell viability
results.

Next, the expression and activation of apoptosis-related proteins were
evaluated by western blot analyses, wherein four representative
apoptotic markers were employed: p53 [30], FADD [31], caspase-3 [32],
and caspase-9 [32]. In all treatment groups, the expression level of the
proteins significantly increased compared with the untreated group
(Fig. 5b and Fig. S4a). The increased expression of p53 and FADD in-
dicates the induction of intrinsic and extrinsic apoptosis pathways.
Notably, the PLCSA-AD-treated cells exhibited a higher amount of



Fig. 5. Analyses of the apoptosis and mevalonate pathway inhibition in PLCSA-AD-treated HOS/MNNG cells. (a) Representative flow cytometry contour plots of HOS/
MNNG cells stained with annexin V-FITC and PI. (b) Western blot analysis of representative apoptosis-related proteins after treatment with NTs. (c, d) Western blot
analyses of (c) small GTPases and (d) the phosphorylated ERK1/2 and MEK after treatment with blank PLCSA or PLCSA-AD. The quantification of the Western blot
images is available in the Supplementary Materials as Fig. S4.
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cleaved caspase-3 (17 and 19 kDa) and cleaved caspase-9 (35 and 37
kDa) compared with PLCSA-treated cells, suggesting a greater activation
of the procaspases for apoptosis. Based on protein expression and
membrane integrity, it is clear that the decoration of AD contributed to
apoptotic processes.

Mevalonate pathway inhibition was investigated by measuring the
cytosolic fraction of two representative small GTPases (Ras and RhoA)
that require prenylation for membrane translocation (Fig. 5c and
Fig. S4b). Nitrogen-containing bisphosphonates, including AD, interfere
with the prenylation of proteins by inhibiting farnesyl diphosphate syn-
thase [6], thereby disturbing the translocation to membrane compart-
ments [33,34]. When treated with blank PLCSA or PLCSA-AD at four
different concentrations, the amounts of total Ras and RhoA displayed
negligible changes, regardless of the concentration. However, only the
PLCSA-AD group showed a significantly increased amount of cytosolic
Ras and RhoA, which can be explained by decreased localization to
membrane compartments. The prenylation inhibition of Ras and RhoA
could lead to a decrease in functional activity, as well as localization
[33]. To investigate the changes in the Ras-related biological process
caused by its inhibition, MEK and ERK1/2, downstream components of
the Ras/Raf/MEK/ERK signaling pathway, were analyzed (Fig. 5d and
Fig. S4b) [35,36]. After treatment with blank PLCSA-AD for 72 h, the
degree of phosphorylation of MEK (i.e., p-MEK) and ERK1/2 (i.e.,
p-ERK1/2) decreased significantly compared with that of blank PLCSA.
Given that the pathway is crucial for cancer growth, development, and
survival [35–37], the improved tumor-suppressive effects observed in
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Figs. 4d and 5b can be explained by the synergistic effect of mevalonate
pathway inhibition by AD.
3.4. In vivo tumor distribution in bone tumor-mimicking xenografted
mouse model

The tumor distribution and retention of PLCSA-AD were evaluated
using a bone tumor-mimicking xenografted mouse model, where a
mixture of cell suspension and hydroxyapatite beads were co-inoculated
subcutaneously into the mouse to simulate the mineralization of bone
TME [26]. After tumor formation, the hydroxyapatite beads were local-
ized in the extracellular matrix, providing a mineralized scaffold for the
bone tumor cells (Fig. S5).

Fig. 6a and b shows the time-course whole-body scan images and
average radiant efficiency (RE) values of the tumor region, respectively,
after intravenous injection of Cy5.5-labeled NTs. A marked difference
was observed in the tumor distribution patterns between PLCSA and
PLCSA-AD. In the PLCSA group, the RE values of the tumor region (dotted
circle) continuously decreased over 24 h. However, the PLCSA-AD group
showed an increase in RE up to 9 h, exhibiting a 2.64-fold higher RE at
24 h compared with that of PLCSA. These data suggest that PLCSA-AD
can provide more prolonged bone tumor distribution profiles than
PLCSA, which can be primarily attributed to the enhanced cellular uptake
and bone TME interactions caused by AD modification. The ex vivo bio-
distribution in the tumors and major organs (liver, heart, spleen, lung,
and kidneys) was investigated 24 h after injection (Fig. 6c and d). Both



Fig. 6. In vivo NIRF images in bone tumor-mimicking mouse model. (a) Time-course whole-body scanning after intravenous injection of Cy5.5-labeled NTs. (b)
Average radiant efficiency values in tumor region. (c) Representative image of the excised tumor and major organs at 24 h, and (d) their average radiant efficiency
values. (e) CLSM images of sliced tumor at 24 h. The red and blue colors indicate alizarin red S and Cy5.5, respectively. The length of the scale bar is 20 μm *p < 0.01;
**p < 0.005. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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PLCSA and PLCSA-AD showed the highest accumulation in tumors
compared with other organs, suggesting excellent tumor-targeting abil-
ity. Notably, PLCSA-AD exhibited a 1.73-fold higher tumor disposition
than PLCSA, which clearly indicates the enhanced bone tumor-homing
ability conferred by AD decoration. Although PLCSA-AD showed
slightly increased kidney accumulation compared to PLCSA (p < 0.05),
this could be attributed to the bisphosphonate-specific transport mech-
anism in renal epithelial cells [38,39].

To investigate the hydroxyapatite-binding ability of the AD-decorated
NTs in vivo, excised tumors were sliced and observed by CLSM (Fig. 6e).
The slices of tumors were stained with alizarin red S to visualize the
localization of hydroxyapatite beads [40]. The Cy5.5-labeled PLCSA-AD
group showed greater Cy5.5 intensity (blue color) than Cy5.5-labeled
PLCSA, which corresponds well with the in vivo and ex vivo imaging re-
sults. Interestingly, the Cy5.5 signal highly overlapped with the alizarin
red S signal (red color) in the PLCSA-AD group. This observation strongly
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suggests that the enhanced bone tumor accumulation could result from
the increased affinity for hydroxyapatites by the AD groups.
3.5. In vivo antitumor activity

In vivo antitumor activities of PLCSA and PLCSA-AD were evaluated
using a hydroxyapatite-containing xenograft mouse model. The mice
were randomly divided into four groups: PBS (control), DOX solution,
PLCSA, and PLCSA-AD, followed by three treatments, as scheduled
(Fig. 7a). The PBS-treated mice exhibited rapid tumor growth, whereas
the DOX solution- and NT-treated groups showed significantly retarded
growth (Fig. 7b). As expected, the PLCSA-AD group showed more sig-
nificant tumor suppression than the PLCSA group (p < 0.01). Based on in
vitro cell studies and in vivo imaging, it is plausible that the enhanced
tumor accumulation and apoptotic processes led to effective tumor sup-
pression. The visual image and weight of excised tumors on day 12



Fig. 7. In vivo antitumor efficacy tests. (a) Scheme for the bone tumor-mimicking mouse model and treatment schedule. (b) Tumor growth profile for 12 days after
inoculation (n ¼ 5). (c) Digital image of the dissected tumors on day 12, and (d) mass of the tumors. (e) Body weight change of the mice during the evaluation. (f) The
appearance of a representative mouse from each group on day 12. (g) Histological analyses of tumor and heart, which were stained with TUNEL and H&E, respectively.
(h) Heatmap of cell death-related protein expression in tumors after treatment, the level of which was compared with the tumor of PBS-treated mouse. The scale bar
indicates fold-change. (i) Enrichment plot of the positive regulation of cell death in the PLCSA-AD group, analyzed based on the fold-change of the proteins in tumors.
*p < 0.05, **p < 0.01, compared to other groups; #p < 0.05; ##p < 0.01.
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support the highest tumor-suppressive effect for PLCSA-AD compared
with the other groups (Fig. 7c and d). Throughout the evaluation period,
the body weight and appearance of NT-treated mice were not signifi-
cantly different from those of PBS-treated mice (Fig. 7e and f), which may
indicate no severe systemic toxicities.
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Histological analysis demonstrated an enhanced apoptotic process in
NT-treated tumors without severe cardiotoxicity (Fig. 7g). The excised
tumor and heart were sliced and stained with TUNEL and H&E, respec-
tively. The PBS group exhibited a high density of tumor cells (purple
color) and a low number of brown spots (apoptotic cells), whereas the
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DOX solution and PLCSA groups showed lower cell density and many
brown spots, indicating DOX-induced apoptosis in tumors. Notably, the
number of brown spots markedly increased in the PLCSA-AD group,
suggesting augmentation of the apoptotic process. DOX-induced car-
diotoxicity was assessed by histological examination of the heart. DOX
solution-treated hearts clearly showed white striations and loss of myo-
fibrils, implying cardiac damage over the treatment schedule [41].
Interestingly, the NT-treated mice did not show any significant cardiac
damage, which might be attributed to the negligible cardiac distribution
of NTs (Fig. 6d). The apoptotic process in the tumor was further inves-
tigated by screening for apoptosis-related protein expression patterns.
Fig. 7h shows the representative protein expression as a relative
fold-change with respect to the PBS-treated group. PLCSA-AD induces
expression and activation of apoptosis-related proteins. GSEA results
showed that PLCSA-AD treatment was positively correlated with the
“positive regulation of cell death,” suggesting apoptotic processes in the
tumors (Fig. 7i). Additional immunohistochemical analyses were per-
formed to verify the inhibition of the mevalonate pathway in tumors
treated with PLCSA-AD (Fig. S6). As previously shown in Fig. 5c and d,
the AD-decorated PLCSA hindered the RAS/RAF/MEK/ERK (MAPK)
signaling pathway, which could explain the decreased expression of
cyclin D1 [42,43] and increased expression of AMPK α1 [44,45] in the
tumor tissues.

For further evaluation of biocompatibility, histological assays on the
major organs were performed, where the NT-treated mice showed no
apparent tissue damage in the liver, spleen, lungs, and kidneys (Fig. S7).
The blood biochemistry and complete blood count of NT-treated mice
also exhibited no significant differences compared with those of the
control group (Fig. S8 and Table S2), excluding the risk of myelosup-
pression caused by DOX [46]. Therefore, it is highly probable that the
developed NTs have excellent biocompatibility.

4. Conclusion

We developed bone tumor-homing polymeric nanotherapeutics
(PLCSA-AD) for effective tumor suppression via prolonged tumor reten-
tion and inhibition of the mevalonate pathway. The NTs were composed
of a novel graft copolymer of CSA and PLGA, and their surface was
decorated with AD moieties that form strong ionic interactions with
hydroxyapatite in the bone TME, improving their bone tumor accumu-
lation. The increased affinity for hydroxyapatites and enhanced tumor
accumulation were verified using in vitro and in vivo bone tumor-
mimicking models. After uptake by tumor cells, PLCSA-AD inhibited
the mevalonate pathway, providing a synergistic tumor-suppressive ef-
fect with DOX, which was confirmed by assessing the degree of locali-
zation of small GTPases and downstream metabolites. As a result, the
developed NTs exhibited significantly higher therapeutic efficacy in bone
tumor-bearing mice with excellent biocompatibility, suggesting that
PLCSA-AD could be a promising drug delivery platform for bone tumor
therapy.
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