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ABSTRACT

Hydroxyapatite-binding albumin nanoclusters for
enhancing the targeting ability to the bone tumor

microenvironment and antitumor effects

Nae-Won Kang
Department of Pharmaceutical Sciences
The Graduate School

Seoul National University

Malignant bone tumors feature a highly mineralized extracellular matrix,
causing microenvironment-induced resistance to drug accumulation. Herein,
alendronate-decorated human serum albumin (HSA-AD) nanoclusters
(NCs) were developed for targeting hydroxyapatites in the bone tumor
microenvironment and enhancing the tumor suppressive effects.
Doxorubicin (DOX) was loaded onto the surface of HSA-AD via the ball-
milling technology, a novel drug-loading method in which the secondary
structures of HSA can be preserved at more than 90%, based on circular
dichroism analysis. The targeting ability of NCs was confirmed in a novel in
vitro bone cancer model, wherein hydroxyapatite and collagen, the major

components of the bone matrix representing the highly mineralized bone



tumor microenvironment, were co-cultured with HOS/MNNG cells, a
human osteosarcoma cell line. The binding affinity of HSA-AD/DOX to
hydroxyapatite was evaluated based on DOX binding efficiency; HSA-
AD/DOX showed a 5.04-fold higher affinity than HSA/DOX. The enhanced
distribution of HSA-AD/DOX to bone tumors was verified in a newly
developed mouse model bearing HOS/MNNG tumors with hydroxyapatite
beads. HSA-AD/DOX led to a 52.0% increase in tumor accumulation
compared to the unmodified NCs (HSA/DOX). This was mainly due to the
hydroxyapatite-binding affinity of the AD moiety, which is supported by
histological analysis performed on the dissected tumors. Taken together, the
targeting ability of HSA-AD/DOX is effectively translated into improved
therapeutic efficacy in bone tumor-xenografted mice, suggesting that the

developed NCs are a promising delivery system for bone tumor treatment.

Keywords: bone tumors, alendronate, human serum albumin, nanoclusters,
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1. Introduction

1.1. Bone tumor

Bone is a type of specialized connective tissue, consisting of
different types of bone cells, including osteoblast, osteocyte, and osteoclast
[1]. While osteoblasts and osteocytes are engaged in the formation and
mineralization of bone, osteoclasts are involved in the resorption of bone
tissue. The combination of these cells maintains the homeostasis of bone,
called the bone remodeling cycle that replaces old and damaged bone [2].
The cycle is a highly regulated, lifelong process essential for preserving
bone integrity and maintaining mineral homeostasis. This process
accompanies the production of abundant cytokines and nutrients, which
renders bone vulnerable to metastasis.

Bone matrix is composed of inorganic and organic components [2].
While the inorganic component is primarily made of crystalline
hydroxyapatites and amorphous calcium phosphate, the organic component
contains roughly 20 proteins with type I collagen. Hydroxyapatites are a
natural mineral form of calcium apatite with the formula of
(Cai0(PO4)s(OH)2), and have a specific crystallographic structure, called
hexagonal system. The biological hydroxyapatites constitute bone structure
up to 50 % by volume and 70 % by mass [1]. Their unique composition and
shape allow the bone to be relatively hard and strong with remaining

lightweight [2].



Bone tumor is defined as a neoplastic growth of tissue in bone. It
destroys normal bone tissue and accompanies severe pain. Bone tumors are
classified as “primary bone tumors” which originates in bone or from bone-
derived cells and tissues, and “secondary bone tumor” which originates
from other sites and sequentially spread to the bone [3]. Secondary bone
tumors are metastatic lesions that have spread from other organs, most
commonly carcinomas of the breast, lung, and prostate [4]. Common benign
tumors include osteoma, osteoid osteoma, osteochondroma, osteoblastoma,
enchondroma, giant cell tumor of bone, and aneurysmal bone cyst.
Meanwhile, malignant bone tumors include osteosarcoma, chondrosarcoma,
Ewing’s sarcoma, and fibrosarcoma [5].

The malignant bone tumor has a specialized tumor
microenvironment, characterized as a highly mineralized extracellular
matrix [6], similar to that of normal bone. To cure the tumors, different
combinations of several anticancer agents, such as doxorubicin (DOX),
cisplatin, etoposide, ifosfamide, vincristine, and methotrexate, are
considered as first-line therapies for bone tumors [7]. However, the
mineralized matrix of bone impedes the distribution of anticancer agents,
resulting in insufficient therapeutic effects and drug resistance [8].
Furthermore, the low blood supply to bone contributes to the low

therapeutic effects of the agents.
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1.2. Nano delivery platforms to enhance the bone tumor

accumulation

To enhance the tumor accumulation and tumor microenvironment-
induced resistance, various functionalized nanoplatforms have been
designed to improve the accumulation of anticancer drugs in bone tumor
tissues [9-12]. Most of the engineered particles were composed of various
functionalized polymers and inorganic materials, functionalized with bone-
homing or tumor microenvironment-responsive molecules. The bone
homing particles have a strong affinity to the bone matrix, leading to the
accumulation in bone tumors. Meanwhile, microenvironment-responsive
particles specifically release the drugs in the bone tumor microenvironment.
Among these, bisphosphonate-decorated nanoparticles have been
extensively studied because of their high affinity for the hydroxyapatite
matrix [13].

These nanoplatforms are generally designed to have a particle size
large enough to take advantage of the wide inter-endothelial gaps in tumor
vasculature, which is well-understood as the enhanced permeability and
retention effect [14]. However, concerns remain that large nanoparticles
utilizing the size-exclusion mechanism may cause unwanted long-term
accumulation of drugs in the mononuclear phagocyte system (MPS) [15]. It
was hypothesized that a nanocluster (NC) system that can spontaneously

disassemble into smaller units might avoid or rapidly escape from non-



specific MPS disposition, thereby yielding an improved tumor-to-liver
accumulation ratio. Considering that soluble protein can reversibly self-
assemble into various nanoscale supramolecular structures, protein

nanoclusters with bisphosphonate moieties were designed [16].

1.3. Bisphosphonate as a targeting moiety for hydroxyapatites in

the bone tumor microenvironment

Bisphosphonates are used in the management of patients with
various bone-related disorders, including osteoporosis, metastatic bone
tumors, and Paget’s disease [17]. The highly selective uptake and binding to
bone minerals are determined by their unique structure of two phosphonate
groups that form ionic interactions with calcium in bone. Among many
bisphosphonates, the most effective structures are the two phosphonate
groups attached to a central carbon and substitution with a hydroxyl or
amino group that provides tridentate binding. They suppress the function of
osteoclasts and increase skeletal retention. In bone tumor management, they

are commonly used as adjuvant therapy to relieve the pain.

1.4. Limitations of previous nano delivery platforms for bone

tumor treatment

The bone-targeting particles commonly had a rigid structure with a

mean diameter of 100 — 300 nm, thereby the particles increase the blood
4



circulation and tumor distribution by EPR effect. Functional moieties of the
particles could work after the size-dependent distribution. However, the
effectiveness of EPR effect remains uncertain. Many researchers have
strongly claimed that the inter-endothelial gaps rarely contributed to the
tumor distribution of nanoparticles [18]. This low tumor distribution
efficiency is highly disadvantageous to the bone tumor as the blood flow to
a bone is quite low, compared to other organs. Thus, EPR-based
nanoparticles would not be suitable for bone tumor treatment.

Another limitation is that the particles with nanometers could be
entrapped by innate immune system, causing unwanted long-term
accumulation of drugs. The unintended accumulation leads to distribution to
normal organs and impedes the tumor distribution. Many factors are
considered as causes of the problem, including size, surface charge, and
shape of particles [15]. Among them, the most important characteristic is
considered to be the particle size. Thus, the unwanted distribution might be

alleviated by making particle size smaller.

1.5. Albumin-based drug delivery system

Albumin has been extensively investigated as a carrier material for
tumor-targeted drug delivery, including metastatic breast cancer, non-small-
cell lung cancer (NSCLC), and metastatic pancreatic cancer [19-21]. The

nanocarriers are composed of drug-loaded modified albumin with a particle



size of 100 — 200 nm. The drug-loaded albumin can bind to various albumin
receptors that overexpressed in tumor vasculature and be transported to the
tumor [22,23]. Thus, their tumor distribution was dependent on the receptor-
mediated transcytosis, not on the inter-endothelial gaps. As the receptor-
mediated transcytosis was already proven to be effective in tumor
distribution [18], the albumin-based nanocarriers would be more effective
than conventional nanoparticles that rely on the size-dependent distribution.

Albumin-based nanocarriers are advantageous for tumor uptake.
Tumor cells express many albumin receptors on their surface and engulf the
drug-loaded albumin as an amino acid source for growth. The engulfed
albumin was fully digested, during which the loaded drugs are released,
exhibiting the antitumor effect. These receptor-mediated transcytosis and
endocytosis facilitate the tumor uptake and distribution. Moreover, albumin
can bind with osteonectin, a bone protein overexpressed in various human
cancers, which is also known as secreted protein acidic and rich in cysteine
(SPARC). Notably, osteonectin plays a pivotal role in tumor growth by
promoting angiogenesis, cancer cell invasion, and bone migration [24,25].
In this regard, albumin was selected as the core material for fabricating bone
tumor-directed drug delivery systems.

The objective of this study was to develop a novel self-assembled
DOX-loaded alendronate-decorated human serum albumin nanoclusters
(NCs) was developed for efficient bone tumor-targeted therapy (Fig. 1). The

NC fabrication was conducted via ball-milling technology (BMT), a newly
6



developed method wherein the native conformation of albumin was
preserved. The targeting ability to the bone tumor was evaluated in a
hydroxyapatite bead-incorporated cell culture and mouse models,
representing the bone tumor microenvironment. The therapeutic efficacy
and systemic toxicity of the NCs were also investigated in the developed

mouse model.

2. Materials and Method

2.1. Materials

Human serum albumin (HSA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), triethylamine (TEA),
and hydroxyapatite (5 pum, surface area > 100 m?/g) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Alendronate sodium trihydrate (AD)
and glutaraldehyde were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). DOX hydrochloride (DOX HCI) was obtained from LC

Laboratories (Woburn, MA, USA).

2.2. Synthesis of HSA-AD

HSA-AD conjugates were synthesized via the EDC/NHS coupling
reaction. HSA (100 mg) was dissolved in double deionized water (DDW; 20

mL) at 25 °C. EDC (14.42 mg) and NHS (8.67 mg) were added to the
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solution, and the mixture was stirred for 30 min to activate the carboxylic
acids of HSA. Subsequently, AD (10 mg) and TEA (20.48 pL) were added
to the mixture and stirred for 24 h. The product was dialyzed (molecular
weight cut-off: 12—14 kDa) against water for 24 h and further purified using
a desalting column (PD-10; GE Healthcare, Chicago, IL, USA) to remove
the unreacted AD. After lyophilization, the HSA-AD powder was stored at -
70 °C until use. The conjugation of AD to HSA was verified in terms of the
increase in molecular weight and the presence of phosphorus in HSA-AD.
The molecular weights of HSA and HSA-AD were determined using
matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometry (Voyager DE-STR; Applied Biosystems, Foster City,
CA, USA). AD, HSA, and HSA-AD were analyzed using phosphorus-31
nuclear magnetic resonance (*'P-NMR; Avancelll-500; Bruker, Billerica,
MA, USA). All NMR samples were prepared using deuterium oxide (D,0O)

solution.

2.3. Fabrication of DOX-loaded albumin nanoclusters (NCs)

DOX base was prepared from DOX HCI using a liquid-liquid
extraction method. Briefly, DOX HCI (60 mg), dissolved in DDW (10 mL),
was mixed vigorously with chloroform (40 mL) containing TEA (50 pL) in
a separatory funnel. The chloroform phase was collected and completely

evaporated using a rotary evaporator. The precipitated DOX base was



dissolved in a minimal amount of DMSO and lyophilized. The ball-milling
technology-assisted fabrication of HSA/DOX and HSA-AD/DOX NCs was
performed using a Tissuelyser LT (QIAGEN, Hilden, Germany). DOX base
(4 mg) was dispersed in DMSO (4.75 pL) via sonication for 10 min and was
subsequently vortex-mixed with phosphate-buffered saline (PBS; 42.5 uL).
HSA or HSA-AD (20 mg) was added to the suspension with a stainless-steel
bead (diameter: 5 mm; QIAGEN) and milled at 50 rpm for 3 min. After
milling, the resulting suspension was lyophilized to remove the solvent. The
lyophilized composite was dispersed with DDW via gentle vortex mixing.
The suspension was centrifuged at 16,000 x g for 1 min and filtered with a
syringe filter (pore size: 0.2 um) to remove precipitates, mostly unbound
DOX. The drug content was quantified using a UV-Vis spectrophotometer
(EMax Precision Microplate Reader; Molecular Devices, San Jose, CA,
USA), wherein the NC suspension was diluted with a 9.5% DMSO solution
(dilution factor: 20) and analyzed at a wavelength of 470 nm. Meanwhile, as
control groups, conventional albumin nanoparticles (NPs) were prepared
with HSA and HSA-AD using a solvent displacement method. Briefly, HSA
or HSA-AD (50 mg) was dissolved in DW (2 mL) and ethanol (4 mL for
HSA and 1 mL for HSA-AD) was added dropwise to the solution while
stirring. Glutaraldehyde (10 pL) was added to the suspension and stirred for
3 h, followed by centrifugation at 16,000 x g for 5 min. The pellet was

resuspended in DDW to generate HSA and HSA-AD NPs.



2.4. Characterization

Particle size, polydispersity index, and zeta potential values were
measured using electrophoretic light scattering (ELS-Z; Otsuka Electronics,
Osaka, Japan). Morphological observations were performed using field-
emission transmission electron microscopy with energy dispersive
spectroscopy (JEM-F200; JEOL, Tokyo, Japan). Samples were prepared on
a copper grid with a carbon film, and atomic analysis was conducted for
three different atoms, including carbon, oxygen, and phosphorus. Circular
dichroism spectra were recorded in the wavelength range of 180-260 nm
using a Chirascan Plus spectrometer (Applied Photophysics, Surrey, UK).
The analytical samples were prepared in DDW at a concentration of 0.1
mg/mL. The denatured HSA sample was prepared by heating the HSA
solution to 80 °C. The contents of the secondary structure motifs were
calculated using the CDNN software. The colloidal stability of the
developed NCs was tested in PBS and fetal bovine serum (FBS; ATCC,
Manassas, VA, USA) at room temperature for 7 days, to assess the changes
in particle size and drug content. The mean diameter and PDI were
measured using an ELS-Z instrument (Otsuka Electronics). The drug
content was quantified using a UV-Vis spectrophotometer (EMax Precision
Microplate Reader; Molecular Devices) after removing the precipitated NCs

by centrifugation at 1,200 % g for 3 min. The disassembly of the NCs was
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evaluated by measuring their mean diameters after dilution with 50% FBS at

various dilution factors.

2.5. In vitro drug release test

In vitro DOX release patterns from the NCs were evaluated using
mini-GeBAflex tubes (molecular weight cut-off: 14 kDa; Gene Bio-
Application Ltd, Yavne, Israel). Each tube loaded with NC suspension (100
uL) was immersed in PBS at various pH values (30 mL; pH 5.5, 6.8, and
7.4, adjusted with phosphoric acid) and incubated in shaking water bath at
37 °C (50 rpm). Aliquots of the release media were collected at 0.5, 1, 2, 4,
7, 10, 24, 48, 72, and 96 h and the same volume of fresh medium was
replenished at each time point. The DOX concentration of each sample was
analyzed using high-performance liquid chromatography system equipped
with a separation module (Waters €2695; Waters Co., Milford, MA, USA),
a fluorescence detector (Waters 2475; Waters Co.), and a reverse phase C18
column (Xbridge RP18, 250 x 4.6 mm, 5 um; Waters Co.). The mobile
phase consisted of 10 mM potassium phosphate buffer (pH 2.5, adjusted
with phosphoric acid) and acetonitrile with 0.1% TEA (71:29, v/v). The
flow rate and injection volume were set at 1.0 mL/min and 20 pL,
respectively. The eluent was monitored at excitation and emission

wavelengths of 470 and 565 nm, respectively. The cumulative drug release
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(F; %) against time (¢) profile was fitted using five mathematical models,

the equations of which are as follows:

First-order model: F = F, 4, X (1 —e )

Higuchi model: F = kg x t%°

2
Baker-Lonsdale model: > Il — (1 — i)zl - = kg X t
2 100 100

Korsmeyer-Peppas model: F = kgp X t"
Peppas-Sahlin model: F =k, X t™ + k, X t?™

where Fiqx 1s the maximum cumulative release, and &, kn, kaz, kxp, ki1, and k2

are the release rate constants of the corresponding models.

2.6. Cell culture conditions

Human umbilical vein endothelial cells (HUVECs) with passage
number 2 were purchased from PromoCell (Heidelberg, Germany) and
cultured in endothelial cell growth medium 2 (PromoCell) containing 4%
(v/v) supplement Mix (PromoCell) and 1% (v/v) penicillin/streptomycin
(PS; 100 U/mL and 0.1 mg/mL, respectively; Welgene, Gyeongsan,
Republic of Korea). HOS/MNNG cells, a human osteosarcoma cell line, of
passage number 7 were obtained from ATCC and cultured in Eagle’s

minimum essential medium (EMEM; ATCC) supplemented with 10% FBS
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(ATCC) and 1% PS (Welgene). Both types of cells were incubated at 37 °C

in a 5% CO; atmosphere.

2.7. Confocal Laser Scanning Microscope (CLSM) analysis

A confocal laser scanning microscope (CLSM; TCSS; Leica
Microsystems, Wetzlar, Germany) was used to visualize the cellular
distribution of DOX. HUVECs (3 x 10° cells) were seeded onto a 4-
chamber slide (SPL Life Sciences, Pocheon, Republic of Korea) and treated
with DOX solution or DOX-loaded NC suspension at a DOX concentration
of 20 pg/mL. To verify the caveolae-mediated uptake of HSA-AD/DOX,
methyl-B-cyclodextrin (Sigma-Aldrich) was pre-incubated for 15 min as a
caveolae-mediated receptor inhibitor. After 1 h of incubation, the cells were
washed twice with PBS and fixed in 4% (v/v) formaldehyde solution for 10
min. Cell nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA, USA). HOS/MNNG cells (3 x 10°
cells) were seeded onto a hydroxyapatite-coated cell culture slide, which
was prepared in-house; hydroxyapatite beads (1 mg) and collagen solution
(10 pg; Corning Inc., Corning, NY, USA) were mixed and dispersed onto a
cell culture slide (2 cm?) and dried at 25 °C for 24 h to obtain the
hydroxyapatite-coated slide. DOX solution or DOX-loaded NC suspension
was treated at a DOX concentration of 20 pg/mL and incubated for 1 h. To

verify receptor-mediated tumor uptake, free HSA was used as a competitive
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inhibitor. The slides were washed and fixed in the same manner as the

HUVECs. Z-stack observations were performed at a depth of 20 um.

2.8. Flow cytometry analysis

For flow cytometric analysis, HOS/MNNG cells (1.5 x 10° cells)
and HUVECs (1.5 x 10° cells) were cultured in a 6-well plate. DOX
solution or DOX-loaded NCs (5 pg/mL as DOX) were incubated for 3 and 6
h with HUVECsS, and 1 and 3 h with HOS/MNNG cells. The inhibitors were
treated at the same concentrations as those used in the CLSM studies. The
cells were rinsed twice with PBS, trypsinized from the plate, and
centrifuged at 200 x g for 5 min. The cell pellets were resuspended in PBS
with 2% FBS and analyzed using FACS Calibur (BD Biosciences, San Jose,

CA, USA).

2.9. Transwell study

For the transwell assay, HUVECs (1 x 10° cells) were cultured on a
0.4 pm pore membrane filter (1.12 cm?; Corning Inc., Corning, NY, USA)
until trans epithelial electrical resistance (TEER) values reached 150 — 160
ohms. Free HSA was used as a positive control, and MBC (2 mM) and
chlorpromazine hydrochloride (CPZ; 50 uM; Sigma-Aldrich, St. Louis, MO,
USA) were co-treated with HSA-AD/DOX. All groups were incubated in a

transport medium (PBS) for 2 h. The amount of transported HSA was
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measured using BCA assay kit (Thermo Fisher Scientific, Waltham, MA,

USA).

2.10. In vitro antitumor efficacy and cytotoxicity

The in vitro anticancer activity of the NCs was assessed using the 3-
(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium (MTS) assay. HOS/MNNG cells were seeded onto 96-well
plates and incubated for 72 h with DOX solution or DOX-loaded NCs at
various DOX concentrations (0.1, 0.2, 0.5, 1, 2, and 3 puM). After removing
the treatment solution, MTS reagent (CellTiter 96 AQueous One Solution
Reagent; Promega, Madison, WI, USA) was added to the cells and
incubated for 4 h at 37 °C. Absorbance was then measured at a wavelength
of 490 nm using a UV-Vis spectrophotometer (EMax Precision Microplate
Reader; Molecular Devices). ICso values were calculated using Prism 8.0.2
(GraphPad Software, San Diego, CA, USA). The cytotoxicity of blank HSA
and HSA-AD was also evaluated using the same method described above,
where each protein was treated with various concentrations (5, 10, 20, 50,

100, 200, 500, 1000, 2000, and 5000 pg/mL).

2.11. Aftinity to hydroxyapatite

The affinity of HSA-AD/DOX to hydroxyapatite was assessed in

terms of the amount of DOX adsorbed onto hydroxyapatite. HSA/DOX or
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HSA-AD/DOX (50 pg/mL as DOX) were vortex-mixed with hydroxyapatite
beads (10 mg) for 1 min, followed by centrifugation at 16,000 x g for 1
min. The supernatant was analyzed using a UV-Vis spectrophotometer
(EMax Precision Microplate Reader; Molecular Devices). The adsorbed
amount of DOX was calculated as follows: (DOX concentration before
centrifugation — DOX concentration of supernatant) x volume. In addition,
the adsorption of NCs to hydroxyapatite was also investigated using flow
cytometry, wherein HSA/DOX or HSA-AD/DOX (50 pg/mL as DOX) were
incubated with hydroxyapatite beads (10 mg) under vigorous vortex-mixing
for 1 min. The beads were sorted and relatively quantified using FACS
Calibur (BD Biosciences) in the fluorescence-2 channel for the detection of

DOX signals.

2.12. Animal models

Nude Balb/c mice (female; 5-weeks-old; Nara Biotech, Seoul,
Republic of Korea) were reared in a light-controlled room at a temperature
of 22 £ 2 °C and relative humidity of 55 + 5% (Animal Center for
Pharmaceutical Research, College of Pharmacy, Seoul National University,
Seoul, Republic of Korea), to establish heterotopic and orthotopic bone
tumor xenograft models. The experimental protocol (SNU-210121-10-1) for
the animal study was approved by the Animal Care and Use Committee of

Seoul National University. The heterotopic bone-tumor model was prepared
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through subcutaneous inoculation of an osteosarcoma cell suspension with
bone matrix components in the lower right flank of the mice. The
suspension consisted of HOS/MNNG cells (5 x 10° cells) and
hydroxyapatite beads dispersed in a mixture of culture media and Matrigel
(i.e., collagen) (1:1, v/v; total volume of 0.1 mL). Hydroxyapatite beads (4
mg) were washed with ethanol and dried overnight to avoid microbial
contamination. The orthotopic model was prepared through intratibial
injection of HOS/MNNG cell suspension (5 x 10° cells in 0.1 mL of culture

media) on the right leg of the mice.

2.13. Near-infrared fluorescence imaging

Near-infrared fluorescence (NIRF) imaging was conducted in both
heterotopic and orthotopic models. Cy5.5, an imaging dye, was conjugated
to investigate the behavior of the developed NCs. Briefly, Cy5.5-NHS ester
(150 pg; Flamma® 675 NHS ester; BioActs, Incheon, Republic of Korea)
was added to HSA or HSA-AD (25 mg) dissolved in DDW (1 mL), which
was then stirred for 4 h at 25 °C and purified using a PD-10 desalting
column (Cytiva, Marlborough, MA, USA). DOX-loaded NCs were prepared
with Cy5.5-labeled HSA and HSA-AD according to the same method used
to fabricate HSA/DOX and HSA-AD/DOX. The resulting NIRF dye-tagged
NCs were injected into the tail vein of the mice at a Cy5.5 dose of 0.12

mg/kg after the tumor volume of the heterotopic model reached 150-200
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mm?, which was calculated as follows: 0.5 x longest diameter x (shortest
diameter)’. In the orthotopic model, where the tumor size could not be
measured, the NCs were administered at a Cy5.5 dose of 0.035 mg/kg 3
weeks after the inoculation. Whole-body scans were performed using
VISQUE InVivo Smart (Vieworks, Anyang, Korea) equipped with the
CleVue™ software (Vieworks) at 0, 1, 3,5, 7,9, 11, and 24 h post-injection
for the heterotopic model, and 0, 3, 5, 7, 9, and 24 h for the orthotopic
model. The mice were euthanized at 24 h after injection, and their tumors
and major organs, including the heart, liver, kidney, lung, spleen, and lung
were dissected for ex vivo imaging. For histological analysis, the tumors
were sectioned, stained with alizarin red S (Sigma-Aldrich), and observed
using CLSM (TCS8; Leica Microsystems). The fluorescence profile of
Cy5.5-labeled HSA or HSA-AD NPs (ie., conventional albumin
nanoplatforms) was also investigated using an orthotopic xenograft model.
The Cy5.5-labeled NPs were prepared by adding Cy5.5-NHS in the final
step of fabrication. The NPs were injected into the tail vein of the mice at a
Cy5.5 dose of 0.035 mg/kg. Fluorescence images were obtained at 0, 1, 3, §,
and 24 h, after which the tumor-bearing mice were euthanized and their
major organs (heart, liver, kidney, lung, and spleen), including both legs,

were dissected to analyze the biodistribution of the NPs.
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2.14. In vivo antitumor efficacy

An in vivo antitumor efficacy test was performed in a
hydroxyapatite-containing tumor model. Tumor volume (mm?®) and body
weight (g) were monitored daily after inoculation. The experimental groups
were as follows: no intervention, DOX solution, HSA/DOX, and HSA-
AD/DOX. The formulations were injected intravenously at a DOX dose of 5
mg/kg on days 6, 8, 10, 13, and 15. On day 16, the experiment was
terminated, and the tumors of each mouse were excised and weighed. The
major organs, including the heart, liver, kidney, and spleen, were also
examined for histological changes. The terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay was performed on

tumor tissues. The organs were stained with hematoxylin and eosin (H&E).

2.15. Antibody microarray analysis

Protein expression patterns of tumors were investigated using
Signaling Explorer Antibody Array Kit (Fullmoon Biosystem, Inc.;
Sunnyvale, CA, USA). To prepare the samples, the DOX solution or NCs
were intravenously injected (5 mg/kg as DOX) daily for consecutive 3 days
to the hydroxyapatite-containing xenografted mice after the tumor volume
reaches 100-120 mm?. The untreated group was used as a control for fold
change analysis. On the day after the final treatment, each tumor was

dissected, and the soluble proteome was extracted with protein extraction
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buffer (Fullmoon biosystems) containing 1% protease inhibitor cocktail
(Sigma-Aldrich), lysis beads (Fullmoon biosystems), and 1% phosphatase
inhibitor cocktail (Sigma-Aldrich). The extracted solution was purified
using a gel matrix column included in the kit. The column was vortex-mixed
for 5 s, hydrated for 60 min at room temperature, and centrifuged at 750 % g
for 2 min. Next, the column was placed into a collection tube, to which an

aliquot (100 pL) of the protein sample was loaded. The column was

centrifuged at 750 x g for another 2 min. The concentration of purified
samples was measured with a BCA protein assay kit (Pierce, Rockford, IL,
USA) using NanoPhotometer™ (Implen, Munich, Germany). The purity of
the samples was evaluated based on UV spectra. The prepared samples were
subjected to antibody microarray assay according to the manufacturer’s
protocol. Then, the array slides were scanned using GenePix 4100A scanner
(Molecular Devices, San Jose, CA, USA) at 10 pum resolution. Scanned
images were quantified with GenePix 7.0 Software (Molecular Devices). All
protein information was annotated using the UniProt database (UniProt
Consortium). Data mining and graphic visualization were performed using
ExDEGA (Ebiogen Inc., Seoul, Korea). Gene set enrichment analysis
(GSEA) was conducted using GSEA 4.1.0 software (Broad Institute, Inc.,

MA, USA).
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2.16. Statistical analysis

All experiments were performed at least thrice, and data are
presented as mean + standard deviation (SD). Statistical analyses were
performed using analysis of variance (ANOVA) with Tukey’s multiple
comparisons test or two-tailed z-test. Statistical significance was set at p <

0.05.
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3. Results and Discussion

3.1. Synthesis of HSA-AD

To enhance the targeting ability of albumin, bisphosphonate was
decorated via the amide bond formation between the activated carboxylic
acid groups of human serum albumin (HSA) and primary amine of
alendronate (AD) [26-28]. The successful synthesis of the HSA-AD
conjugate was verified via matrix-assisted laser desorption ionization-time-
of-flight (MALDI-TOF) mass spectrometry (Fig. 2). The use of HSA-AD
led to an increased average mass-to-charge ratio (m/z) of 67,468 compared
to that obtained with the unmodified HSA (m/z 66,500), indicating that the
average number of conjugated AD molecules per HSA was calculated as
4.20. Moreover, phosphorus-31 nuclear magnetic resonance analysis (*'P-
NMR) of HSA-AD revealed the presence of phosphorus displaying a peak
at 15.65 ppm (Fig. 3). A similar pattern was observed in the spectrum of
free AD (18.34 ppm), whereas unmodified HSA exhibited no peak within
the range of -200 to 200 ppm. The phosphorus in HSA-AD confirmed the

conjugation of AD.

3.2. Ball-milling technology (BMT) for fabricating the NCs

Various conventional methodologies for fabricating albumin
nanoplatforms have been described in some literature, including solvent
displacement, emulsification, and thermal gelation [29-31]. However, these
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procedures caused denaturation and irreversible aggregation of albumin
molecules due to the involvement of organic solvents, chemical crosslinkers,
or high temperatures. In our preliminary study, conventional albumin
nanoplatforms fabricated via solvent displacement methods exhibited an
unfavorable biodistribution profile, and the bone tumor-to-liver
accumulation ratio was as low as 0.52, even with surface decoration with
bisphosphonate moieties (Fig. 4).

Thus, to address this issue, a new fabrication method based on ball
milling was developed, which requires only a minimal amount of solvent
and physical impact (Table 1). In this study, doxorubicin (DOX) was used
as a model drug. Briefly, DOX and HSA were dispersed in the solvent using
a rapidly moving stainless steel bead. This process can accelerate the
mechanochemical interactions between drugs and proteins [22,23], whereby
the DOX-loaded albumins were self-assembled to nanoclusters. The ball-
milled mixture was then lyophilized to remove the organic solvent,
reconstituted with double-deionized water (DDW), and filtered to eliminate
unloaded DOX. The obtained NCs, namely HSA/DOX and HSA-AD/DOX,
exhibited no precipitation even at high DOX concentrations (~ 1 mM),
whereas free DOX was precipitated in DDW because of its low solubility (~
1.8 uM) (Fig. 5).

The ball-milling process provides the physical energy that can
promote the adsorption of DOX onto the protein surface and may induce the

self-assembly of the resulting protein/DOX complex into NCs [34], which
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resembles the high-pressure homogenization step in the nanoparticle
albumin-bound (nab®) technology [35]. Notably, only 3 min of the ball-
milling process considerably improved the drug adsorption of HSA/DOX
and HSA-AD/DOX (6.13 + 0.20% and 6.11 + 0.29%, respectively)
compared to the vigorous vortex-mixing for 12 h (0.397 + 0.003% and

0.309 £ 0.003%, respectively) (Table 2).

3.3. Physicochemical properties

The fabricated HSA/DOX and HSA-AD/DOX showed a similar
mean diameter of 163 = 3 nm and 161 + 4 nm, respectively (Table 3). Both
NCs showed unimodal distribution with narrow PDI values (Fig. 6 and
Table 3). In contrast, the zeta potential value of HSA-AD/DOX (-42.1 £ 9.6
mV) was more negative than that of HSA/DOX (-21.1 = 1.5 mV), which
might be attributed to the highly negative surface of phosphate groups of the
AD moieties. Thus, the AD conjugation induced greater negative surface
charge of albumin. The highly negative surface charge might be

advantageous to the stability of the NCs.

3.4. Microscopic and atomic analyses

Fig. 7 indicated the Transmission electron microscopy (TEM)
images of HSA/DOX and HSA-AD/DOX to visualize the surface

morphology. Both NCs showed sphere-shaped nanoclusters, of which
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diameters were consistent with the values of DLS (Fig. 6). The TEM images
verified the successful fabrication of NCs. In addition, transmission electron
microscopy-energy dispersive spectroscopy (TEM-EDS) analysis revealed
that HSA-AD/DOX possessed phosphorus atoms on its surface, indicating

that the AD moieties were exposed on the surface the NCs (Fig. 8).

3.5. Investigation of secondary structures

Circular dichroism (CD) spectroscopy was performed to investigate
the secondary structure of the NCs (Fig. 9). In this investigation, native
HSA and heated HSA were used as positive and negative controls. The
HSA-AD (i.e., HSA-AD without DOX), HSA/DOX, and HSA-AD/DOX
exhibited the characteristic mean residue ellipticity at 190 nm (positive),
208 nm (negative), and 222 nm (negative), indicating that only a negligible
conformational disruption (slight reduction in a-helix content less than 10%)
occurred during AD conjugation or DOX loading via BMT (Table 4).
However, albumin nanoplatforms prepared using the conventional
desolvation method showed drastic changes in their secondary structures.
Compared to that of the native HSA, the oa-helix content of these
nanoparticle conjugates significantly decreased by more than 45%,

displaying a pattern similar to that of heat-denatured HSA.

25



3.6. Stability test

Although negligible conformational changes were observed after
the fabrication of NCs, it was essential to investigate whether AD
conjugation and/or DOX adsorption compromises the colloidal stability of
NCs. Fig. 10 shows that the developed NCs maintained their initial size with
a PDI value of approximately 0.3, even after seven days of incubation in a
high ionic strength buffer or serum at room temperature, implying that their
colloidal stability was sufficient for intravenous administration.
Interestingly, however, both NCs were spontanecously disassembled into
smaller units upon dilution, showing concentration-dependent reduction in

the mean diameter (Fig. 11).

3.7. In vitro drug release test

The DOX release patterns from the NCs were monitored under
different pH conditions, and each profile was fitted using various
mathematical models (Fig. 12 and Table 5). Interestingly, the first-order
model presented the highest correlation coefficient compared to the others,
which implies that the DOX release from NCs may follow the drug-protein
dissociation model [36]. Moreover, the maximum cumulative release of the
NCs increased as the pH of the media decreased, which can be explained by
the increased solubility of DOX resulting in the reduced interactions

between the drug and the NCs [37]. Considering that the pH values of 5.5,
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6.8, and 7.4 correspond to the pH values of the endolysosomal
compartments, the tumor microenvironment, and normal tissues (or plasma),
respectively, the higher drug release at acidic pH values may result in
enhanced drug exposure in tumor tissues compared to that in normal organs

[38].

3.8. In vitro cellular uptake and hydroxyapatite-binding ability
test using bone tumor microenvironment-mimicking cell culture

model.

The cellular uptake mechanism of the bisphosphonate-conjugated
albumin NCs was investigated in a 2D bone tumor microenvironment-
mimicking cell culture model, where HOS/MNNG cells and hydroxyapatite
beads/collagen were co-cultured. (Fig. 13). HOS/MNNG (human
osteosarcoma) cells were selected due to their propensities for high
invasion, migration, and proliferation, as well as tumorigenicity and colony-
forming ability [39]. Confocal microscopy observation revealed that the use
of HSA-AD/DOX led to enhanced DOX uptake by cells compared to free
DOX solution and HSA/DOX (Fig. 14). However, the DOX signal
decreased when free HSA was used as a competitive inhibitor, indicating
that the albumin uptake mechanism, including receptor-mediated
endocytosis, contributes in part to the uptake of HSA-AD/DOX by

HOS/MNNG cells [39-42]. Thus, the passive diffusion mechanism of DOX
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solution into the cells was changed to the receptor-mediated endocytosis by
adsorption on the albumin. HSA-AD/DOX also displayed a higher affinity
to the hydroxyapatite beads/collagen matrix than HSA/DOX, which can be
attributed to the ionic interactions between AD and hydroxyapatite [43].
Although this cell culture model could not fully reflect the tumor
microenvironment, such as nutrients, the concentration of hydroxyapatites,
and heterogeneity in the extracellular matrix, it might be useful for
observing the behavior of the modified NCs.

The uptake mechanism was further confirmed by quantifying the
fluorescence intensity of DOX using flow cytometry (Fig. 15). Similar to
the microscopy data, HSA-AD/DOX exhibited improved uptake efficiency
in both HOS/MNNG (1.59-fold at 3 h) compared to the free DOX solution.
In addition, the DOX uptake of HSA-AD/DOX decreased significantly in
the presence of inhibitors (free HSA). Although the decreased intensity
might not be caused only by the competitive inhibition of free HSA
considering the binding affinity to albumin, the time-dependent decrease of
intensity may indicate the albumin receptor-mediated endocytosis of the
NCs.

The binding affinity of HSA-AD/DOX to hydroxyapatite was
confirmed using flow cytometry, wherein hydroxyapatite beads were treated
with each formulation, and the DOX fluorescence signals emitted from the
beads were measured (Fig. 16). HSA-AD/DOX-treated beads exhibited a

significantly higher fluorescence intensity than the HSA/DOX (2.41-fold)
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and free DOX (3.37-fold) groups. Similar results were observed in the drug
adsorption study using UV-Vis spectrophotometry, where the slope of the
adsorbed drug amount versus concentration curve was 5.04-fold steeper in
HSA-AD/DOX than HSA/DOX (Fig. 17). These findings suggest that AD
conjugation significantly improves the binding affinity of NCs to the

hydroxyapatite matrix.

3.9. In vitro cellular uptake test using HUVECs.

A cellular uptake study was also performed in human umbilical
vein endothelial cells (HUVECs) to verify the transcytosis mechanism of
albumin NCs in the tumor vasculature [22,23]. HUVECs were seclected
given their gp60-rich characteristics [44], and methyl-B-cyclodextrin (MBC)
was used as an inhibitor of caveolae-mediated transcytosis [22,23]. As
shown in Fig. 18, both albumin NCs exhibited more efficient cellular uptake
than the DOX solution. Notably, MBC inhibited the entry of HSA-AD/DOX
into HUVECs, suggesting the involvement of caveolae-mediated
transcytosis in its cellular uptake.

The uptake mechanism was further confirmed by quantifying the
fluorescence intensity of DOX using flow cytometry (Fig. 19). Similar to
the microscopy data, HSA-AD/DOX exhibited improved uptake efficiency

in HUVECs (1.50-fold at 6 h) compared to the free DOX solution. In
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addition, the DOX uptake of HSA-AD/DOX decreased significantly in the

presence of inhibitors.

3.10. Transwell study

Transcytosis of the NCs through HUVECs was assessed by
Transwell assay system (Fig. 20). Free HSA was used as a positive control,
and MBC and chlorpromazine HCl (CPZ) were used as inhibitors for
caveolae- and clathrin-mediated transcytosis, respectively [45]. The percent
transported amount of HSA at 2 h reached 49.3 = 2.9% and 50.9 *
5.4% of the initial amount in HSA/DOX and HSA-AD/DOX groups,
respectively, which were slightly lower than that of the control free HSA
(64.9 = 2.0% at 2 h). The increased particle size by self-assembly seemed
to reduce the transport of HSA compared to free HSA, whereas the
conjugation of AD on HSA did not affect its transport. Of note, MBC
treatment significantly decreased the amount of HSA transported (0.43-fold
at 2 h), while CPZ treatment showed an insignificant inhibitory effect on the
transport (0.90-fold at 2 h). The strong inhibitory effect of MBC suggests
that the interaction with caveolae-mediated albumin receptors could be the

major pathway for the transcytosis of HSA-AD/DOX.
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3.11. In vitro antitumor efficacy and cytotoxicity tests

The cytotoxicity of DOX-loaded NCs against HOS/MNNG cells
was investigated using a tetrazolium-based cell viability assay (Fig. 21).
Both HSA/DOX and HSA-AD/DOX suppressed the proliferation of
HOS/MNNG in a dose-dependent manner, with 1Cso values of 1.038 & 0.044
uM and 0.975 £ 0.076 puM, respectively (Fig. 21a). These values were
significantly lower than those of the DOX solution (1.666 + 0.148 uM),
which can be explained by the improved cellular uptake efficiency of the
developed NCs. HSA-AD exhibited no significant cytotoxicity even at a
concentration higher than the physiological HSA level, suggesting its high

biocompatibility (Fig. 21b).

3.12. Near-infrared fluorescence (NIRF) imaging in a bone

tumor-mimicking xenografted mouse model.

The biodistribution of NCs was evaluated using near-infrared
fluorescence (NIRF) imaging after intravenous administration. In this
investigation, a new bone tumor xenograft mouse model was developed by
co-culturing HOS/MNNG cells and hydroxyapatite beads (Fig. 22). In this
model, the hydroxyapatite content of xenografted tumors was estimated to
be 2.7-4.0% (w/w), of which the degree was highly consistent with the
calcification of mature bone tumors (3.91 £ 0.35%, w/w) [46]. To validate
the model, the established tumor was sliced and stained with H&E and
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alizarin red S (Fig. 23). The H&E and alizarin red S images indicate the
tumor cells and hydroxyapatites, respectively. The images indicate that
hydroxyapatites were located in the extracellular matrix and cancer cells
grew well in the xenografted tumor, suggesting the establishment of bone
tumor-mimicking environments.

To monitor the behaviors of NCs in the mouse model, Cy5.5-
labeled HSA/DOX and HSA-AD/DOX were injected intravenously, and
whole-body was scanned for a 24-h period (Fig. 24a). Interestingly, both
HSA/DOX and HSA-AD/DOX gradually accumulated in the tumor region
for up to 9 h and were retained until the experiment ended. However, the
average radiant efficiency versus time profile of the tumor region clearly
showed that HSA-AD/DOX exhibited significantly higher tumor deposition
than HSA/DOX (Fig. 24b). The ex vivo imaging data showed the
biodistribution of the NCs and significantly greater tumor distribution (Fig.
25a). HSA-AD/DOX exhibited the significantly increased average radiant
efficiency value than HSA/DOX, confirming a higher tumor distribution
(Fig. 25b). As demonstrated by in Fig. 16 and 17, the enhanced tumor

distribution can be explained by a higher affinity to hydroxyapatites.

3.13. Histological analysis of the dissected tumors

Histological analysis of the tumor tissue was also performed to

investigate the localization of HSA-AD/DOX in the tumor (Fig. 26) [47].
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Notably, HSA-AD/DOX showed strong co-localization with alizarin red S,
indicating that bisphosphonate decoration can be a valid strategy for
targeting the bone tumor microenvironment with calcification. This
phenomenon was also observed through NIRF imaging of excised tumors
on a macroscopic scale (Fig. 27). As the tumor outgrew the inoculation area,
a part of the tumor containing hydroxyapatite beads was separated; HSA-
AD/DOX accumulated in this part of the tumor to a greater extent than in
the other part, which corresponds well with the above-obtained histological

data.

3.14. Near-infrared fluorescence (NIRF) imaging in an orthotopic

mouse model.

The NIRF imaging study was also performed in an orthotopic
xenograft model, in which bone tumors were developed after intratibial
injection of HOS/MNNG cells into the right leg of mice (Fig. 28). Time-
course images of the whole-body scan showed preferential accumulation of
HSA-AD/DOX in the tumor (Fig. 29a). Similar to the results obtained from
the heterotopic xenograft model, the fluorescence signal of HSA-AD/DOX
at the tumor site increased continuously up to 7 h and reached a plateau (Fig.
29b). Moreover, ex vivo imaging revealed that the average radiant efficiency

of the right legs (with tumor) was 2.83-fold higher than that of the left legs
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(without tumor), supporting the bone tumor-targeting ability of HSA-

AD/DOX (Fig. 30).

3.15. In vivo antitumor efficacy

An in vivo antitumor efficacy test was conducted in the
hydroxyapatite-containing HOS/MNNG tumor-xenografted mice according
to the therapeutic schedule presented in Fig. 31. The mice were randomly
divided into four treatment groups: no intervention (untreated), free DOX
(solution), HSA/DOX, and HSA-AD/DOX, and their tumor volume and
body weight were monitored for 16 days. The tumor volume versus time
profile revealed the highest tumor-suppressive effect of HSA-AD/DOX
compared to the other formulations (Fig. 31). On day 16, the average tumor
volume of the HSA-AD/DOX group was 2.68- and 1.68-fold smaller than
that of the DOX solution and HSA/DOX groups, respectively, which can be
explained by the improved biodistribution observed in the NIRF imaging
studies. HSA/DOX also showed significantly higher antitumor efficacy than
free DOX, which can be attributed to the innate tumor-targeting ability of
HSA. The appearance of the dissected tumors from each group on day 16
also displayed similar tendencies (Fig. 32a). The significantly different
tumor weight would confirm the enhanced in vivo antitumor efficacy (Fig.
32b). Although the DOX solution was moderately effective in suppressing
tumor growth, it is worth noting that the average body weight in the solution
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group was significantly reduced by 25.6% on day 16 compared to that in the
no-intervention group, implying the development of systemic toxicity (Fig.
33). In contrast, both NC-treated groups showed a negligible body weight
loss of less than 9%. These findings indicate that the developed NCs are

safer and more effective than free DOX.

3.16. Histological analysis of tumors and major organs

Histological analysis was also performed on the tumors and organs
excised on day 16 (Fig. 34). The degree of apoptosis of each tumor was
evaluated using the terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay. The HSA-AD/DOX group exhibited the highest
degree of apoptosis compared to the other groups, which was consistent
with the above-obtained results. Further, hematoxylin and eosin (H&E)
staining was performed on the dissected hearts to investigate the
cardiotoxicity induced by DOX [46,47], which was observed in the DOX
solution group as the loss of myofibrils and striations. In contrast, the NC
groups exhibited intact morphologies similar with those of the untreated
group, suggesting reduced cardiotoxicity. This could be due to the improved
targeting ability of albumin-based NCs compared to free DOX. No
significant damage was observed in other major organs, including the liver,

kidney, spleen, and lung.
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3.17. Complete blood counting (CBC) analysis

For further evaluation of the DOX-and AD-related bone toxicities,
the complete blood counting (CBC) was investigated after treatment. DOX
solution, blank HSA-AD (i.e., without drug loading), and DOX-loaded NCs
were intravenously administered to Sprague-Dawley (SD) rats following the
same treatment schedule as in Fig. 31. As shown in Table 6, the CBC values
of the blank HSA-AD-treated group were within the reference ranges,
exhibiting comparable results to those of the untreated group. These data
suggest that HSA-AD has a negligible toxicity. Due to the acute toxicity
myelosuppression by DOX [50], the HSA-AD/DOX-treated group showed a
decreased WBC count yet within the reference range (4.5 to 11.0 x 103/uL).
However, no rats were survived in the DOX solution-treated group until the
last treatment (day 15), supporting that the HSA-AD-based formulation

significantly reduced the acute toxicity of the anti-neoplastic drugs.

3.18. Antibody microarray analysis of NCs-treated tumors

To investigate the cell death and apoptosis of HSA-AD/DOX at a
molecular level, the protein expression patterns of the dissected tumors after
anticancer therapy were analyzed using antibody microarrays. Fig. 35a
shows the protein expression patterns related to cell death and apoptosis as
relative fold-change compared to the untreated group. All the groups

markedly induced the expression changes of apoptotic- and pro-apoptotic
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proteins in tumors compare to untreated group, including TP53, caspase-1,
caspase-3, caspase-9, and PARP, which might support the tumor
suppression observed in the tumor growth profile and histological analysis.
Gene set enrichment analysis (GSEA) was conducted to analyze how these
expression patterns would be related to the cell death of cancer cells (Fig.
35b). The GSEA results show that the HSA-AD/DOX treatment is
positively correlated with the positive regulation of cell death and execution
phase of apoptosis, which is consistent well with the doxorubicin-induced
antitumor effect [48]. Fig. 35¢ shows the expression plots that directly
compare the relative expression level of core proteins involved in the cell
death. The expression of the proteins tends to increase in order of DOX
solution, HSA/DOX, and HSA-AD/DOX, supporting the significance of

GSEA results.
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4. Conclusion

A novel alendronate-conjugated albumin-based NCs was developed
for the improved distribution and tumor suppressive effects to bone tumors.
The NCs were successfully fabricated via BMT, a newly devised method in
which the native structure of albumin is preserved in contrast to
conventional fabrication methods using organic solvents and crosslinkers.
The enhanced tumor distribution was attributed to the conjugated AD,
which was verified in newly developed tumor microenvironment-mimicking
in vitro and in vivo models. The increased targeting ability of the NCs could
be effectively translated into the improved therapeutic efficacy and reduced
systemic toxicities, suggesting that HSA-AD/DOX is a promising delivery

system for bone tumor treatment.
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6. Tables

Table 1. Optimized process parameters of BMT for the fabrication of DOX-

loaded NCs
HSA or HSA- A TR Milling time
AD (mg) DOX (mg) Solvent® (uL) Milling rpm i)
20 40 50 50 3

2 Solvent = 9.5 % DMSO in PBS
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Table 2. Physicochemical properties of the NCs

Nanoclusters Mean Polydispersity Zeta-potential  Drug content
(NCs) diameter (nm) index (mV) (%)
HSA/DOX 163 +£3 0.165+0.010 21.1+1.5 6.13+0.20
HSA-AD/DOX 161+4 0.146 £ 0.030 -42.1+£9.6 6.11+0.29
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Table 3. DOX content

vortex-mixing or BMT

of HSA/DOX and

HSA-AD/DOX prepared by

Loading method Preparation time DOX content (%)
HS O.X, 12h 0.397 £0.003
by vortex-mixing
HSA-AD/DOX 12h 0.309 £ 0.003
by vortex-mixing
HSA/DOX
i 13+£0.2
by BMT 3 min 6.13+0.20
HSA-AD/DOX
i 11+£02
by BMT 3 min 6 0.29
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Table 4. Content of secondary structure motif, as calculated from CD

spectral analysis.

Groups a-(l:/il)ix B-turn (%) Pzg’zl)lel Anti(lzzl)'allel Ran((i‘;]n)l coil
HSA 67.1+£0.3 122 +0.1 3.1+02 32+0.1 152+0.1
Heat-denatured HSA 19.8+0.1 18.7+0.1 14.8+0.2 11.5+£0.2 47.0+0.1
HSA NPs* 9.9+0.1 22.4+0.1 235+1.7 18.6 £0.1 60.9+0.2
HSA-AD NPs* 22.8+0.3 18.3+£0.1 13.0+£0.2 10.6 £0.1 43.0+£0.3
HSA-AD 59.4£0.3 13.1+0.1 42 +0.1 4.1+0.1 19.0+£0.1
HSA/DOX NCs 57.7+1.1 134+0.2 43+0.2 4.1+0.1 19.4+0.5
HSA-AD/DOX NCs 56.7+2.7 13.5+£0.3 45+04 44+03 202+1.3

iConventional albumin NPs prepared using the solvent displacement method

described in the experimental section.
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Table 5. Kinetic modelling of DOX release from HSA-AD/DOX at various

pH values.
First-order A A Baker- q
With Fo Higuchi Lonsdale Korsmeyer-Peppas Peppas-Sahlin
Groups | pH
R? k Fuax | R? kn R? kg R? kxp n R? ki k2
HSA 7.4 10983 0.050 41.7 | 0.927 4.77 | 0.931 0.0005 | 0.927 4.78 0.500 | 0.975 2.75 . 0.792
/DOX . . . . . . . . . . . . . 0.045 .
7.4 1099 0.116 36.5 | 0.737 4.76 | 0.783 0.0005 | 0.855 9.30 0.330 | 0.968 6.55 0 2'71 0.619
HSA-
AD 6.8 10981 0.124 478 | 0.784 6.36 | 0.850 0.001 | 0.929 12.6 0.325| 0977 10.6 - 0.522
0.553
/DOX
5510989 0.084 6520873 8150915 0.002 | 0.905 12.1 0.400 [ 0.969 8.38 0 2-60 0.662

Fpax is the maximum cumulative release, and k, ky, ks,

the release rate constants of the corresponding models.
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Table 6. Complete blood count (CBC) analysis in rats after treatment.

RBC WBC Platelet Hct

(x 10%/pL) (x 10°/uL) (x 10°/uL) (%)
Untreated 6.97+0.73 6.94 +2.97 913+ 79 44.8+3.7
Blank HSA-AD 6.58+£0.33 7.12+3.82 1192 + 207 433+1.6
HSA/DOX 6.82+0.42 421+ 1.83 1004 +98 447+23
HSA-AD/DOX 6.73+0.63 5.46+2.36 1164 +243 415+34
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7. Figures
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Figure 1. Schematic illustration showing the fabrication of nanoclusters via

BMT and its mechanism of targeting the bone tumor microenvironment
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Figure 4. In vivo NIRF images of Cy5.5-labeled HSA or HSA-AD NPs
made by desolvation method. (a) Mean diameter of the Cy5.5-conjugated
NPs. (b) Representative time-dependent fluorescence images of the Cy5.5-
conjugated HSA or HSA-AD NPs. (c) The ex vivo fluorescence image of the
tumor and major organs at 24 h after IV injection, and (d) their relative
radiant efficiency values. Each value was normalized by average liver

radiant efficiency.
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Figure 5. Digital image of DOX and the NCs in DDW. All groups were
prepared as a DOX concentration of 1 mg/mL.
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Figure 7. TEM images of HSA/DOX and HSA-AD/DOX. The length of the

scale bar in (a) and (b) is 500 nm and 200 nm, respectively.
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Figure 8. Atomic analysis of HSA-AD/DOX. C, O, and P indicate carbon,
oxygen, and phosphorus, respectively. The length of the scale bar is 100 nm.

6 3



60

- = HSA

- Heated HSA
= HSA-AD
— HSA/DOX
— HSA-AD/DOX

Mean residue ellipticity/1000

.40

260

Wavelength (nm)

Figure 9. Circular dichroism spectra. The heat-denatured sample (orange

dotted line) was heated at 80 °C for 30 min. All the samples were prepared

at a concentration of 0.1 mg/mL.
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Figure 10. Mean diameter analyzes of NCs in PBS (solid line) or FBS
(dotted line) for 7 days. (a) Mean diameter. (b) Polydispersity index (PDI)

values of each day.
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Figure 11. Disassembly of the developed NCs wupon dilution. (a)
Representative size distribution plot of the DOX-loaded NCs according to
the differential intensity at three different concentrations. The red arrow
indicates the modal value of the NCs peak with an average size of
approximately 150-200 nm. (b) The mean diameter changes of HSA/DOX

and HSA-AD/DOX according to the different DOX concentrations.
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Figure 12. The cumulative drug release profile of the NCs in PBS with
three different pH for 96 h.
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Cancer cell (HOS/MNNG)

Mixture of hydroxyapatite and collagen
‘ Cell culture (HOS/MNNG) NCs treatment
— >
Hydroxyapatite/collagen- HOS/MNNG and hydroxyapatite- In vitro evaluation of
coated cell culture slide collagen co-culture model bone-tumor targetability

Figure 13. Scheme of HOS/MNNG cells and hydroxyapatite beads/collagen

co-culture model that is designed to simulate the bone tumor

microenvironment
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Figure 14. CLSM images in 2D cell culture model after incubation of DOX
solution, HSA/DOX, HSA-AD/DOX, and HSA-AD/DOX + HSA. The

length of the scale bar is 100 pm.
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Figure 15.

-
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+ HSA

Flow cytometry analysis of HOS/MNNG cells after incubation

for 1 and 3 h. Free HSA was used as a competitive inhibitor of receptor-
mediated endocytosis of HSA-AD/DOX. “p < 0.0001, compared to DOX
solution; ®p < 0.0001, compared to HSA-AD/DOX.
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Figure 16. Flow cytometry analysis of hydroxyapatite beads after
incubation with the DOX solution or NCs. *p < 0.0001, compared to DOX
solution; *p < 0.0001, compared to HSA/DOX.
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Figure 17. Measurement of the amount of adsorbed NCs to hydroxyapatite
beads using UV-vis spectrophotometry. The three different amounts of NCs
(10, 20, and 30 pg as DOX amount) were added to hydroxyapatite beads (10
mg).
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Figure 18. CLSM images of HUVECs after incubation of DOX solution,
HSA/DOX, HSA-AD/DOX, and HSA-AD + MBC. The methyl-f-
cyclodextrin (MBC) was used as a caveolae-mediated endocytosis inhibitor.

The length of the scale bar is 20 pm.
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Figure 19. Flow cytometry analysis of HUVECs after incubation. The
untreated group was the cells without treatment. *p < 0.0001, compared to

DOX solution; $p < 0.0001, compared to HSA-AD/DOX + MBC.
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Figure 20. Transwell study in HUVECs after incubation for 1 and 2 h. The
free HSA and CPZ were used as a positive control and clathrin-mediated
endocytosis inhibitor, respectively. “p < 0.05 and ®» < 0.0001, compared to
HSA-AD/DOX.
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Figure 21. Cytotoxicity studies of (a) the DOX solution and NCs, and (b)
blank HSA and HSA-AD (i.e, DOX-unleaded HSA and HSA-AD) in

HOS/MNNG cells.
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Figure 22. Scheme

xenografted mouse model.

Suspension of

" tumor cells and
/ hydroxyapatite

Tumor with
hydroxyapatite

of hydroxyapatite-co-inoculated
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H&E staining Alizarinred S
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Figure 23. Histological images of the hydroxyapatite-containing
xenografted tumor. Yellow and red arrows indicate the cancer cells and

hydroxyapatites, respectively. The length of the scale bar is 100 pm.
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Figure 24. NIRF images of hydroxyapatite-containing HOS/MNNG
xenografted mouse. (a) Whole-body scan after intravenous injection of
Cy5.5-labeled HSA/DOX or HSA-AD/DOX. The circle indicates the
xenografted tumor (b) Average radiant efficiency of HSA/DOX and HSA-
AD/DOX, plotted against time. “p < 0.05.
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Figure 25. Ex vivo analysis of tumors and major organs 24 h after
intravenous administration of Cy5.5-labeled NCs. (a) NIRF images of the

representative mouse from each group, and (b) its average radiant efficiency

values. *p < 0.05.
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Alizarin red S

Figure 26. Histological analysis of the dissected tumor after intravenous
administration of Cy5.5-labeled HSA-AD/DOX. Red and blue colors
indicate the alizarin red S and Cy5.5, respectively. The fluorescence was

observed by CLSM. The length of the scale bar is 50 um.
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(A)

Bright fielg

(B)

Figure 27. Preferential distribution of Cy5.5-labeled HSA-AD/DOX to the
tumor region containing hydroxyapatites. (a) Ex vivo NIRF image of the
whole tumor at 24 h post-injection. (b) Histological analyses of tumor
region (i) and (ii). The red color indicates the hydroxyapatites stained with

alizarin red S. The length of the scale bar is 50 um.
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Figure 28. Scheme of orthotopic bone tumor mouse modeling. The

HOS/MNNG cells were intratibially inoculated into the left leg of the mouse.
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Figure 29. NIRF image of mice with intratibially inoculated tumor. (a)
Time-course fluorescence images of Cy5.5-labeled HSA-AD/DOX. (b) The

average radiant efficiency of legs with or without tumor.

8 4

et e



Normal
legs

(A)

Legs with
tumor

25000
20000+
15000

10000

50004

Average radiant efficiency (*e+10)

Lres)

* %

Normal legs Legs with tumor

Figure 30. Ex vivo analysis of tumor-bearing legs. (a) Fluorescence image

of the normal (legs without tumor) and tumor-bearing legs. (b) Average

radiant efficiency of the dissected legs.
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Figure 31. Tumor growth profile of the hydroxyapatite-containing

HOS/MNNG-xenografted mice. The mice were treated with DOX solution,
HSA/DOX, and HSA-AD/DOX five times as scheduled (dotted square).
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Figure 32. Ex vivo analysis of tumors on day 16. (a) Digital image of the
excised tumors from each group and (b) the tumor mass. p < 0.05; “p <

0.005.
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Figure 33. Investigation of body weight change in the mice for 16 days. (a)
Representative image of each group on day 16 and (b) average body weight
change. **p < 0.005.
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Figure 34. Histological analysis of the dissected tumors and major organs
on day 16. The tumors and organs were stained with TUNEL and H&E,

respectively.
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Figure 35. Protein expression pattern of the formulation-treated tumors. (a)
Heatmap of cell death-and apoptosis-related protein expression compared to
the untreated group. (b) GSEA of HSA-AD/DOX group. (c¢) Core-protein

expression plots related to cell death.
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