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ABSTRACT

Bone-related diseases and bone cancers remain challenging to treat due to limited targeted therapies
and significant off-target side effects. This study presents the development of a bone-targeted liposomal
formulation, termed Bone Binding Liposomes (BBL), functionalized with a pyrophosphate-cholesterol
derivative to enhance binding to bone mineral (hydroxyapatite). Our experiments demonstrated the
superior affinity of BBL compared to conventional Non-Binding Liposomes (NBL). Moreover, both
formulations efficiently encapsulated a prototype drug and both exhibited comparable biocompatibility,
both preserving the drug’s physicochemical properties on elective target cells, macrophages. This
targeted delivery system holds a potential for treating bone-related diseases, offering a means to

improve targeted delivery and reduce off-target effects.

Introduction

Bones play a crucial role in providing support and stability to the
body, creating a structural framework that supports muscles,
organs, and tissues, enabling functional motion and protecting
against external impacts. Bone tissue is continuously remodeled,
growing, and repairing itself in response to factors like mechani-
cal stress, hormonal fluctuations, and metabolic needs [1-3]. This
ongoing process allows bones to adjust to the body’s evolving
demands during growth, physical activity, injury, or illness,
through the modulation of mineral balance, particularly calcium
homeostasis [2]. Bone diseases cover a broad spectrum of condi-
tions that impair the skeletal system, weakening bone structure,
strength, and overall health. Common disorders include osteopo-
rosis, rheumatoid arthritis, Paget’s disease, osteogenesis imper-
fecta, osteonecrosis, fibrous dysplasia, rickets, and osteomyelitis [4].
Another significant category is bone cancers, such as osteo-
sarcoma and Ewing sarcoma, which currently lack effective, tar-
geted therapies [5,6]. Moreover, other types of primary cancers
can spread to the bones causing metastasis, leading to pain,
bone weakening, and fractures [7-9]. Bone is one of the most
common sites of metastasis from advanced solid cancers. Bone
metastases occur in 65-80% of patients with advanced prostate
or breast cancer, 40-50% patients with lung cancer and in <10%
of those with gastrointestinal cancer [9]. Moreover, those typi-
cally have a poor prognosis and quality of life [10]. Therefore,
there is an urgent clinical need to develop new and effective
treatments also for bone metastatic cancers [4,8,9,11].
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To enhance treatment outcomes, increase drug efficacy, and
minimize side effects in bone disease management,
bone-targeted nanomedicine and nano-delivery systems hold
great promise [12,13] also for treating solid tumors [14,15].
Among all types of nanoparticles for drug delivery, liposomes
are the most developed and well-established drug delivery
system available clinically [16,17]. Liposomes are composed of
phospholipidic and cholesterol building blocks making them
biocompatible and allowing them to fuse with cell membranes
and easily improve the cellular uptake of the encapsulated
drug. The preparation procedure strongly affects the structures
and size of liposomes; accordingly, they can be categorized
into small, large, and giant unilamellar or multilamellar vesicles
with diameters of 20-100nm, 100-1000nm, larger than
1000nm, and more than 500nm, respectively [18].

The unique ability of liposomes to encapsulate both lipo-
philic and hydrophilic compounds allows them to deliver drugs
with different physicochemical properties. They provide several
advantages such as biodegradability, low or absent immunoge-
nicity, increased drug solubility, sustained drug release, increased
drug concentration at the target site, overcoming multidrug
resistance (MDR), and improving the therapeutic index [19].
Moreover, they offer several benefit over drug solutions, includ-
ing reduced toxicity of the encapsulated drug [20], prolonged
systemic circulation when surface-modified (e.g. PEGylated lipo-
some), improved pharmacokinetics [21], controlled drug release
kinetics [22], and tumor targeting [19]. For these reasons, they
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have been largely studied in several studies to deliver different
types of drugs from chemotherapy to antimicrobial, and many
others [23,24].

However, despite demonstrating substantial drug accumu-
lation in various pre-clinical and human tumors [25], clinically
approved liposomal formulations like DoxilH/CaelyxH
(pegylated liposomal doxorubicin) and MyocetH (un-pegylated
liposomal doxorubicin) have only led to a modest improve-
ment in anti-tumor efficacy compared to the standard treat-
ments [26-28].

The functionalization of liposomes surfaces with specific
small molecules, capable of selective binding to specific-
associated antigens, offers a valuable opportunity to target
the drug release at the disease site, although it is seriously
challenging to achieve [29]. Bone-targeting drug delivery sys-
tems are of major importance because they allow selective
accumulation of therapeutic agents at skeletal sites, thereby
enhancing efficacy while minimizing systemic side effects.

The abundance of hydroxyapatite (HA), the main inorganic
component of bone, provides a natural docking site for mol-
ecules with strong affinity to calcium phosphate crystals,
such as bisphosphonates and pyrophosphate, that have been
exploited to improve the accumulation of therapeutics to dis-
eased bone tissues (from primary bone tumors or secondary
metastases to rheumatoid arthritis, osteoporosis, etc.)
[4,12,30]. For instance, bisphosphonates demonstrate strong
and specific binding affinity to HA. By inhibiting osteoclasts
activity, they offer an added therapeutic benefit that have
been clinically validated for the treatment of bone resorption
disorders [1,31].

This dual advantage—biological relevance and established
safety—makes pyrophosphate-derived ligands powerful tools
for designing next-generation bone-targeted drug delivery
systems with applications in oncology, orthopedics, and
regenerative medicine.

In this paper, we describe the synthesis and analysis of a
classical liposome formulation (named non-binding lipo-
somes, NBL) in comparison with a new bone-targeted liposo-
mal formulation (named bone-binding liposomes, BBL), which
carry pyrophosphate-cholesterol adducts. To characterize and
compare NBL and BBL formulations we arbitrarily selected
resiquimod (R848), as therapeutic payload; it is an imidazo-
quinoline drug, chosen to investigate drug release and effi-
cacy tests in vitro upon immune cells.

R848 is in fact an agonist for Toll-like receptors 7 and 8
(TLR7/8), mostly expressed by various human and murine
immune cells like dendritic cells, neutrophils, and particularly
macrophages. It induces the expression of NF-kB-related
genes via the TLR7/8 MyD88-dependent signaling pathway
[32,33]. Macrophages are tissue-resident cells, generally clas-
sified into: () MO which are naive cells, in a steady state, (ii)
M1 which are pro-inflammatory (and anti-tumoral when in
the tumor microenvironment (TME)), and (iii) M2 which show
a role in wound healing processes, and immunosuppressive
profile when in the TME.

Due to the immunostimulatory effects, R848 have been
exploited to induce M2 macrophages acquiring a M1-like
phenotype, expressing proinflammatory markers and secret-
ing chemokines and cytokines fundamental for the innate

and adaptive immune system to fight tumor cells [34,35]. In
particular, tumor-associated macrophages (TAMs) are highly
abundant in several types of tumors and metastasis. In gen-
eral, their presence is positively correlated with tumor pro-
gression, while a high prevalence of M2 subtype is linked
with poor prognosis [36]. Thus, this targeting system could
be exploited in the case of primary or secondary tumors that
affect the bones or for non-oncologic diseases, by loading
them with the proper disease-specific therapeutic.

Results and discussion
Synthesis and characterization of NBL and BBL

The hydroxy group of cholesterol was derivatized to install a
hydrophilic triethylene glycol (PEG3) spacer and a pyrophos-
phate unit. Intermediates were purified by flash chromatogra-
phy and characterized by nuclear magnetic resonance (NMR)
and mass spectrometry. The final cholesterol-PEG3-pyrophos-
phate adduct was purified by dialysis. Liposomes were synthe-
sized using DSPC and cholesterol (for NBL) or DSPC, cholesterol
and  PPi-PEG3-Cholesterol  (for BBL) performing the
film-hydration method, followed by extrusion with 200 and
100nm polycarbonate filters (as described in Materials and
methods). The effective hydrodynamic diameters, the polydis-
persity index (PDI), and the (-potential of the formulated lipo-
somes were characterized by dynamic light scattering (DLS).
Firstly, we optimized the protocol to synthesized NBL and
BBL. DLS analysis revealed comparable sizes (mean: 147 +17.2
vs 148+18.9nm), a (-potential more negative for BBL due to
the negative charge of the pyrophosphate group (-5.5+1.4
vs —15.5+1), and similar PDI (0.1£0.06 vs 0.1+0.01) (n=4).

BBL bind the bone matrix

To prove the BBL affinity for the hydroxyapatite,
fluorescent-labeled (Dil) NBL and BBL were used. Murine
bones were exposed to both formulations for 2h and 24h at
37°C, and after several washing steps, pictures were acquired
using confocal microscopy. The in vitro assay revealed signals
primarily from fluorescent BBL that remain attached to the
bone matrix, while low signal with the NBL did not support
any binding (Figure 1(A-B)). Furthermore, the signal emitted
by BBL increased over time, from 2h to 24h. These data con-
firm the superior binding affinity of the BBL formulation com-
pared to the NBL one.

Synthesis of drug-loaded NBL and BBL

To study the liposomes loading efficiency, release kinetics
and drug protection we then started to load both formula-
tions with the chosen drug.

The effective hydrodynamic features of drug-loaded NBL
and BBL were studied by DLS. The sizes of both were very
similar (NBL 144.8+13.7 vs BBL 148.8+15.5nm) (Figure 2(A)),
different (-potential considering the (NBL —9+4.24 vs BBL
—28.7+5) (Figure 2(B)) and almost equal PDI (NBL 0.07 £0.04
vs BBL 0.09+0.04) (Figure 2(C)) (n=9).
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Figure 1. Confocal micrographs of ex vivo bones. Bones were incubated with fluorescent BBL or NBL for 2h or 24h and then washed 10 times with PBS to remove
unbound liposomes before image acquisition. (A) 2h and (B) 24h exposure 10x and 20x magnification are displayed.
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Figure 2. Characterization of drug-loaded NBL and BBL by DLS. Charts show (A) the size, (B) the z potential, (C)the PDI, (D)the encapsulation efficiency, (E) and
the drug’s loaded concentration. The chart’s bars represent the mean+SD, with dots representing single independent experiments (n=9).

HPLC analysis indicated that the encapsulation efficiency
(EE%: calculated as mg of drug used divided to mg of drug
quantified by HPLC *100) of R848 was 68% + 9 for the NBL
and 45.30% = 14.3 for the BBL (Figure 2(D)) with a loaded
average concentration of 0.69+0.1mg/ml for NBL and
0.65+0.3mg/ml for BBL (n=9) (Figure 2(E)).

Liposome in vitro kinetics release of the drug

BBL and NBL were separately loaded into dialysis cassettes of
3.5KDa molecular weight cutoffs and left floating into a buf-
fer mimicking physiological conditions (solution of 40%
bovine albumin, 37°C) to test the retention efficacy of those
two formulations.
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At several time points (0.08, 0.25, 0.50. 1, 2, 4h), the cas-
settes were taken off the buffer and aliquots were sampled
for HPLC-UV quantification of the retained drug and then put
back. The release kinetics showed similar trends, retaining
about 75% of the loaded R848 within the first 2h and about
50% of the drugs for both NBLs and BBLs at 4h (Figure 3).
These in vitro data showed that both formulations show a
comparable trend of drug release, confirming that the
pyrophosphate-cholesterol in BBL did not compromise the
liposome features and drug’s release kinetics.

NBL and BBL are internalized by the same mechanisms

Liposomes are internalized by cells through various mecha-
nisms including endocytosis (clathrin-mediated, caveolae-
mediated) and macropinocytosis, and fusion with the cell
membrane [37,38]. Classically, endocytosis can be divided
into pinocytosis and phagocytosis. Pinocytosis involves inter-
nalization of fluid while phagocytosis, an actin-dependent
process, involves internalization of large particles such as
bacteria. Pinocytosis can be further divided into those that
are dependent on the clathrin coat (clathrin-mediated endo-
cytosis, CME) or those that are independent of clathrin
(clathrin-independent endocytosis, CIE). To study the mecha-
nism by which liposomes formulation are internalized, we
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inhibited the endocytosis, both CME and CIE, and the micro-
pinocytosis via PitStop2, Filipin lll, and amiloride, respectively
[37]. PitStop2 interferes with binding of proteins to the
N-terminal domain of clathrin, inhibiting CME; Filipin Ill Binds
to cholesterol in the membrane, inhibiting CIE; EIPA amiloride
Inhibits Na+/H+exchange, inhibiting micropinocytosis.

We analyzed over time the fluorescence emitted by the Dil
labeled NBL and BBL after treatments. We observed that BBL
were internalized slightly faster than NBL and, overall, both
formulations are internalized by caveolin-dependent endocy-
tosis and micropinocytosis since their specific block signifi-
cantly inhibited the increase of the percentage of cells
positive to fluorescent liposomes (Figure 4A-B).

A key aspect for successful drug delivery via lipid-based
nanoparticles is their internalization in target cells. Our data
showed that the chemical modification of cholesterol does
not alter the internalization of BBL compared to NBL, allow-
ing the release of the drug and its downstream effect, as
shown in the next paragraphs.

BBL on murine macrophages: cytotoxicity,
internalization kinetics, and expression markers

To check whether NBL and BBL were cytotoxic upon target
cells, primary bone marrow-derived macrophages (BMDM)
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Figure 3. NBL and BBL in vitro release kinetics. NBL or BBL solutions were loaded into dialysis cassette of 3.5KDa molecular weight cutoffs (MWCOs) in physio-
logical conditions (40% albumin, 37 °C). The quantification of the retained drug was performed, and data were plotted as percentages relative to time zero (n=3).
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the use of specific blocking drug like Pitstop2 (25uM), Filipin Il (0,5ug/mL), EIPA amiloride (10 pg/mL). Statistically significant differences are expressed as follows:

*»<0.05; **p<0.01; **p<0.0001; ****p <0.00001.



were generated as the best candidate to test drug release
and its effect upon target cells. MO naive cells were exposed
to each loaded formulation or free drug up to 48h. The via-
bility was measured using a viability marker for flow cytom-
etry; the fluorescence emitted by dead cells was excluded,
and live cells were quantified. Neither NBL nor BBL altered
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the cell’s viability compared to control and free drug R848
(Figure 5(A)), confirming their safe profile.

Additionally, BBL were stained with lipophilic tracer Dil
and used to study the internalization kinetics by its fluores-
cence emission. As shown by the increased geometric mean
of fluorescence intensity (gMFI) in Figure 5(B), the liposome
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Figure 5. Flow cytometry analyses of primary BMDM (A) viability, (B) in vitro internalization kinetics of fluorescent liposomes expressed as (B) the variation of
geometric mean fluorescence intensity (gMFI). (C-F) variation of surface markers expression on MO macrophages exposed to free R848, or R848-loaded NBL/BBL,
(all 1uM equivalent to free drug) for 48h (n=3 independent experiments). Statistically significant differences are expressed as follows: *p<0.05; **p<0.01;
**%p <0.0001; ****p <0.00001. Statistically significant differences are listed in Supplementary File 1.
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uptake occurs over time, reaching maximum levels at 48h, for
both formulations; these data also suggested the ideal time
point for observing phenotypical and transcriptional changes
due to internalization.

Then, BMDM were treated with NBL or BBL, loaded or not,
and after 48h harvested and stained for flow cytometry anal-
ysis of inflammatory marker MHC-I (Figure 5(C)), MHC-II
(Figure 5(D)), and CD86 (Figure 5(E)) or M2 marker CD206
(Figure 5(F)). Both drug-loaded NBL and BBL induced a statis-
tically significant increase of MHC-I, MHC-Il and a reduction
of the CD206 compared to untreated samples. Notably, BBL
both empty and drug-loaded, demonstrated a higher capac-
ity than drug-loaded NBL-to induce CD86 expression, which
was dimly triggered by the free drug. Furthermore, encapsu-
lating an immunostimulant, such as R848, in BBL seems to
induce M1 phenotype more efficiently, since CD206 was
strongly downregulated by the drug loaded in that formula-
tion compared to NBL or free drug.

Overall, this indicates that the formulations are internal-
ized by 48h, the time at which the drug induces a shift of MO
toward the M1 phenotype; BBL seem to be more efficient in
inducing this phenotypic change, thus providing an advan-
tage when using immunostimulants.

NBL and BBL properly release the encapsulated drug
maintaining its properties

To explore the ability of each liposome formulation in releas-
ing the drug, not interfering with the immunostimulatory
properties of the drug, we used NBL and BBL upon primary
BMDM:s. Firstly, cells were generated from murine bone mar-
row, and some wells were left naive MO or, instead, differen-
tiated in vitro toward M1 or M2 phenotype. BMDM MO and
M2 were exposed for 48h to 1uM equivalent R848-loaded
NBL or BBL or free drug, while M1 cells left untreated for
being an internal positive reference. After 48h, cells were har-
vested, media were stored for further analysis, and pellets
were used for RNA isolation. Probes for M1 signature genes,
like Nos2, 1I12b, and Il6, were used to monitor whether the
R848-loaded NBL or BBL induced a pro-inflammatory M1-like

*k

phenotype in differentiated MO and M2 cells, compared to
the untreated MO, M1, and M2. As shown in the charts, stan-
dard deviations were high in some cases, which is common
when using murine primary cells derived from syngeneic
mice for in vitro assays; in fact, variability can still arise due
to intrinsic biological differences between animals, such sub-
tle immunological states, which may impact on the consis-
tency and strength of the observed responses.

We witnessed that empty liposomes formulation did not
significantly trigger the expression of those genes. We
observed that both R848-loaded formulations, likewise the
free R848, strongly induced Nos2 expression in MO and M2
cells, reaching the same level of M1 cells. In detail, M2 cells
treated with R848-NBL significantly expressed this gene com-
pared to the respective untreated M2 control; the same sig-
nificance was observed when MO cells were treated with
R848-BBL compared to untreated MO control (Figure 6(A)).

The 1l12b gene was induced by R848-NBL on M0 and M2
cells, while R848-BBL triggered its expression on MO and
modestly on M2 cells but still lacking statistical significance
(Figure 6(B)).

The Il6 gene was significantly induced by R848-NBL on M2
cells (compared to untreated MO and M2 cells), followed by
the R848-BBL but without significance (Figure 6(C)).

Overall, both liposome formulations efficiently activate MO
macrophages and reprogram M2 toward an M1-like pheno-
type, although NBL-R848 exert stronger effects than BBL-R848
and the free drug at transcription level of the investigated
pro-inflammatory genes. These results prove that the drug
was correctly released intracellularly, and its chemical proper-
ties were not altered, inducing the downstream pathways in
macrophages.

Cytokines and chemokines secretion induced by NBL
and BBL

Supernatants from untreated and treated BMDMs were used
to perform cytokines and chemokines secretion and check
whether drug-loaded NBL and BBL induce the secretion of
pro-inflammatory factors at different rates.

A *okkk B * C
¥
Nos2 * man |, - 1
3%104 *k 5x103 rven ]
— * %
= 2%10% opw % z z
§ w0 [ I g 25%10% , 3 sor
S 600 P o © 2004
s ° - :L % o _ g 80 T
2 300 g 80 £
5 i 2 Z
§ 30 E 40 E 40
15
0 o 0-
S LELFPP FES SIS SLE PP PP EE SIS S PR P EESSES
S FEE NS S FREEE L KR RS PEPE L SRRS
L oS PSP ST oD’ SOLS TE00D”
IO A SO LS S IFS "7 SEFS

SEEE LI

Figure 6. Gene expression analysis on naive (MO, grey), pro-inflammatory (M1, red), and immunosuppressive (M2, green) BMDMs. M1 signature genes Nos2, 1112b,
and 116 were checked to compare the R848-loaded NBL and BBL (1uM R848 equivalent) efficacy to induce an inflammatory phenotype at 48h after treatment
(n=6-8 independent experiments with three technical replicates). Results are presented as fold change to the control determined by the ddCt method, using
gapdh as a reference gene and unstimulated untreated sample as a calibrator. Statistically significant differences compared to M0, M1, and M2 controls are
expressed as follows: *p <0.05; **p <0.01; ***p <0.0001; ****p <0.00001. Statistically significant differences are listed in Supplementary File 1.
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As expected, empty NBL and BBL did not induce cytokines
or chemokines release significantly compared to controls, mean-
ing that the observed effects were only due to the loaded drug.

Pro-inflammatory cytokines such as interleukin-(IL) 14, IL-6,
and tumor necrosis factor (TNF)-a are endogenous pyrogens
produced by activated macrophages that induce a fast
response against an infectious agent [39]; their secretion is
triggered by both R848-NBL and R848-BBL on MO and M2
macrophages at levels that overcome the basal secretion of
M1 reference cells. This indicates that the R848 drug is
released by both liposomal formulations, with NBL showing a
statistically significant increase. Another pro-inflammatory
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cytokine, the IL-12p40 plays a central role in bridging innate
and adaptive immunity. The prototypical IL-12 (made by p35/
p40 heterodimer), promotes T cells differentiation toward Th1
phenotype, enhances IFN-y production, and supports cyto-
toxic T lymphocyte and Natural Killer (NK) cell activation,
thereby would drive cellular immune responses against intra-
cellular pathogens and tumors [40]. This molecule is equally
and significantly secreted after R848-NBL or R848-BBL expo-
sure, compared to MO and M2 controls (Figure 7(C)).
Anti-inflammatory cytokines such as transforming growth
factor-beta (TGF-B) and IL-10 are key immunoregulatory medi-
ators that help maintain immune homeostasis and prevent
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Figure 7. Quantification of the secreted cytokines and chemokines by MO (grey), M1 (red), and M2 (green) BMDMs. Supernatants were collected from wells after
48h of treatment. Cells were harvested and pelleted, and media were used for quantification of secreted factors by LEGENDPlex assay (n=4). Statistically signifi-
cant differences are listed in Supplementary File 1.
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excessive inflammation [41]; R848, a synthetic TLR7/8 agonist,
induces the production of the anti-inflammatory cytokines
IL-10 and TGF-B in macrophages as part of a negative feed-
back loop to suppress excessive inflammation [42-44].

Drug-loaded NBL significantly induced TGF-B in M2 cells,
when compared to MO; instead, IL-10 was induced but not sig-
nificantly compared to controls (Figure 7(E-F)). Their release
does not impede the M1-like phenotype considering the
extent of the release of the other pro-inflammatory cytokines.

Chemokines are known to facilitate the process of both
migration and infiltration of several effector cells to sites of
infection or inflammation while coordinating interactions
between those cells [45,46]. By doing so, chemokines link the
innate and adaptive immune systems, thus shaping and pro-
viding the necessary context for the development of optimal
adaptive immune responses [45,46].

We decided to investigate twelve chemokines produced by
activated or M1 macrophages to study any possible changes
induced by free drug and all liposome formulations.

CCL2, CCL3, and CCL4 are generally involved in modulat-
ing T cells and DCs interactions, monocyte trafficking and NK
migration [39,45,47]; both R848-NBL and R848-BBL induced
their secretion although not significantly (Figure 7(G-l)).
CCL11, that promotes eosinophils and basophils migration
[45,471, was significantly released by M2 cells after R848-NBL
and R848-BBL treatments compared to MO control (Figure
7(J)). CCL17 and CCL22, involved in Th2 and Treg cells migra-
tion [45], were significantly induced by both loaded formula-
tions, compared to M0 and M2 controls (Figure 7(K,M)).

CCL20, which regulates B and Th17 cells responses, was
induced by drug-loaded formulations but lacking significance
(Figure 7(L)). CXCL1 and CXCL5, that orchestrate monocytes
and neutrophils trafficking [45,47], were significantly induced
in M2 cells by both loaded formulation, compared to MO and
M2 controls (Figure 7(N,0)). CXCL9 and CXCL10, that regulate
Th1 responses, Th1, CD8 and NK trafficking [45,47] were not
particularly influenced by the loaded formulations and mar-
ginally by the free drug (Figure 7(PQ)). CXCL13 is a homeo-
static B-cells chemoattractant chemokine [45,47] that was
significantly released mainly by MO treated with drug-loaded
NBL (Figure 7(R)).

TsClI

In conclusion, these findings demonstrate that both NBL
and BBL formulations effectively release the drug, activating
downstream signaling pathways and promoting the secretion
of cytokines and chemokines crucial for leukocyte recruit-
ment and activation.

Conclusion

Bone diseases and bone-associated cancers remain difficult
to treat due to the lack of targeted and effective therapies.
To address this, the study developed bone-targeting lipo-
somes functionalized with a pyrophosphate group (BBL) and
compared them to conventional liposomes (NBL). Both for-
mulations showed favorable physicochemical properties and
efficient drug encapsulation, with BBL displaying enhanced
affinity for the bone matrix. Importantly, neither system was
cytotoxic, and both were effectively internalized by macro-
phages. When loaded with the immunostimulant R848, both
liposome types reprogrammed macrophages toward a
pro-inflammatory M1-like phenotype, a key step in reversing
the immunosuppressive TME.

These findings underscore the therapeutic potential of
pyrophosphate-functionalized liposomes for delivering thera-
peutics directly to bone tissue, where they could improve
treatment outcomes in bone diseases and cancers. Future
directions include optimization of therapeutic payloads, and
exploration of combinatorial strategies with current chemo-
therapies or immunotherapies to enhance efficacy while min-
imizing systemic toxicity.

Materials and methods
PPi-PEG3-cholesterol synthesis

PPi-PEG3-cholesterol was prepared through multi-step chem-
ical synthesis (Figure 8) [48]. The connection of the PEG
spacer was performed by a preliminary transformation of
cholesterol in the corresponding tosylate (1), followed by its
substitution with triethylene glycol. The 1° alcohol of ether 2
was also converted into the corresponding tosylate (3).
Intermediates 1-3 were all purified by flash chromatography,
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Figure 8. Multi-step chemical synthesis of pyrophosphate-PEG-cholesterol adduct.



where silica gel was used as stationary phase and mixtures of
Hex:AcOEt as mobile phase. Product-containing fractions
were identified analytical thin-layer chromatography (TLC)
using silica gel 60 F254 pre-coated glass plates (0.25mm
thickness).

TLC visualization was accomplished by irradiation with a UV
lamp and/or staining with a Ceric Ammonium Molybdate
Solution. Finally, tosylate 3 was reacted with the commercially
available tetrabutylammonium phosphate salt (Merck). This
reaction led to the pyrophosphate-monoester 4. Given the
amphiphilic properties of the latter, the crude mixture was dis-
solved in water and dialyzed (MWCO = 10kDa) first in a NaCl
solution and then water. The solution was further washed with
AcOEt to remove the remaining lipophilic material.

Liposome synthesis, characterization

NBL were composed by 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC, 850365P Avanti Research™, CAS 816-94-4), cholesterol
(C8667, Sigma Aldrich, CAS 57-88-5) (70/30mole ratio); while BBL
liposomes were composed by the same DSPC, and cholesterol,
and the addition of  PPi-PEG3-Cholesterol  (70/20/
10mole ratio). Finally, A thin lipid film of 12,5mg of total lipids
was hydrated with 2ml of 250mM ammonium sulfate at 58°C,
followed by extrusion with the mini Extruder (Avanti Research™);
more than 10 times passage was done using polycarbonate filters
of 200 and 100nm. The liposomes were then dialyzed against an
acetate buffer (100mM, pH 5) to create a transmembrane gradi-
ent of ammonium sulfate. R848 was actively loaded into lipo-
somes using ammonium sulfate as a trapping agent [49]. The DLS
measurements were performed on dispersions in dH,0 (pH 7)
using a Delsa™ Nano Submicron Particle Size and Zeta Potential
(Beckmann Coulter) or a Zetasizer Ultra equipped with Multi-
Angle Dynamic Light Scattering (MALDLS) technology from
Malvern Panalytical and using the software ZS Xplorer.

For the internalization kinetic experiment, liposomes were
stained with the lipophilic tracer 1,1-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate (Dil, ThermoFisher)
after the synthesis and loading procedure. Dil emits at
565nm, and fluorescence was detected by Cytoflex LX
(Beckmann Coulter).

R848 loading and release test

R848 was purchased by MedChem (cat. HY-13740), with a
purity of 99.87% by HPLC. The R848 liposomal loading effi-
ciency was evaluated immediately after the production of
each BBL and NBL batch via HPLC analysis. The BBL and NBL
release profiles were investigated in triplicate by loading 2ml
of each formulation at the R848 concentration of 0.2mg/ml
in the dialysis cassette (Slide-A-Lyzer™, molecular weight cut-
off 3.5kDa, Thermo Fisher Scientific Inc.) and immersed in
200ml of PBS added with 40g/L of albumin. Aliquots of
0.1 ml were taken from the dialysis cassette solution at pre-
determined time points (0.08, 0.25, 0.5, 1, 2, 4h). The R848
loading amount was determined by HPLC-UV at 230nm.
Briefly, 0.05ml of liposome solution was spiked with 3ug of
IS and extracted with 0.5ml of chloroform:isopropanol, (1:1,
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v/v). After vortexing for 10s, the samples were centrifuged at
13 000rpm for 10 min. The organic phase was separated and
dried under nitrogen, and the residues were dissolved with
100 pl of H,0:CH,CN, 0.1%HCOOH (85:15, v/v). Then 50pL of
the reconstitute samples were injected in the HPLC- UV sys-
tem ARC (Waters, Milford, Massachusetts, USA). Empty lipo-
some samples were used to prepare the calibration curve
with the addition of R848 at different concentrations.

Bone marrow derived macrophages generation and
treatments

In vitro differentiated bone marrow-derived primary macro-
phages were obtained by extracting the whole bone marrow
from Balb/c mice bones; precursors were plated in complete
medium (RPMI 1640, Euroclone) + 10% FBS (Hyclone, Logan,
UT) with macrophage colony-stimulating factor (M-CSF) (25ng/
ml, Peprotech, ThermoFisher) for 5days. In some cases, macro-
phages were stimulated with lipopolysaccharide (100ng/mL;
L4524, Sigma Aldrich, Merck), and IFN-g (20ng/mL; Peprotech,
ThermoFisher) for getting M1, or IL-4 (20ng/mL; Peprotech,
ThermokFisher) for M2 phenotype. After 24h, the stimulating
media was replenished with new media before each treatment.

Internalization kinetics and markers expression
by flow cytometry

After being generated, BMDM were seeded in 24 well-plates
with a density of 300.000/well. The day after, assuring the
adhesion to the plates, cells were used for the viability and
phenotyping assay. Cells were harvested and centrifuged to
remove the media. Pellets were resuspended in PBS for the
live/dead staining using Viakrome808 (Beckman Coulter), for
15min in the dark. Then cells were stained for extracellular
markers using a PBS—/— buffer containing 2% FBS, 2mM
EDTA and 0.05% NaN3 for 40min at 4°C. The anti-murine
mAbs mix (all Biolegend): CD45 (clone 30-F11), CD11c (clone
N418), CD11b (clone M1/70), F4/80 (clone BMS8), MHC-I
(H-2Kd-2Dd) (clone 34-1-2S), MHC 1l (-AJ-E) (clone
M5/114.15.2), CD86 (clone GL1), CD206 (clone C068C2), all
used at specific dilutions, based on previous titration.

Samples acquisition (30.000 events) was performed by
Cytoflex LX (Beckmann Coulter). Data analysis was performed
by FlowJov10 Software (BD LifeSciences).

RNA isolation and gRT-PCRs

Total RNA was isolated using RNeasy Mini Kit (Qiagen), and
c¢DNA was transcribed using the High-Capacity cDNA Reverse
Transcription Kit. A quantitative polymerase chain reaction
(QPCR) was performed using the TagMan assay from
ThermoFisher Scientific following the manufacturer’s instruc-
tions, and the samples were analyzed on 7900HT Fast Real-Time
PCR System with 384-Well Block Module. For each gene, mRNA
was normalized to Gapdh mRNA by subtracting the cycle
threshold (Ct) value of Gapdh mRNA from the Ct value of the
gene (ACt). The fold difference (222%) was calculated by com-
paring the ACt with the ACt of unstimulated cells [50]. Three
technical replicates were set for each condition.
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Liposomes internalization inhibition

After being generated, BMDM were seeded in 24 well-plates
with a density of 150.000/well. The day after, assuring the
adhesion to the plates, cells were treated for 30min with the
inhibitors at the following concentration: 25 uM Pitstop2
(SML1169), 0,5ug/mL Filipin Il from Streptomyces filipinens
(F4767), 10pg/mL  5-(N-ethyl-N-isopropyl)-amiloride  (EIPA)
(A3085) (all Sigma-Aldrich). Afterwards, NBL or BBL were added
to the culture and harvested after 1, 2, 4, 6, 8, 24h and
acquired at the Cytoflex LX (Beckmann Coulter). Data analysis
was performed by FlowJov10 Software (BD LifeSciences).

Chemokines and cytokines quantification
by flow cytometry

Cell culture supernatants were collected and stored at —80°C
until needed. On the day of the analysis, supernatants were
thawed and used for running the Biolegend LEGENDplex™
assays: Mouse Macrophage/Microglia Panel (13-plex) and
Mouse Proinflammatory Chemokine (13-plex) following the
manufacturer’s instructions. Samples were acquired at the
Cytoflex LX (Beckmann Coulter), and data analysis was per-
formed using the Biolegend online platform.

Animals

Nine-to-12-week-old female Balb/C mice were obtained from
Charles River Laboratories (Calco, Italy). They were maintained
under specific pathogen-free conditions, housed in isolated
vented cages, and handled using aseptic procedures after an
acclimatization period of one week. Mice were regularly
checked by a certified veterinarian, who was responsible for
health monitoring, animal welfare supervision, experimental
protocols and review of procedures. Procedures involving ani-
mals and their care were conducted in conformity with the
institutional guidelines that comply with the Italian Governing
Law (D.lgs 26/2014), with the Mario Negri Institutional regu-
lations and policies that provide internal authorization for
people conducting animal experiments (Quality Management
System Certificate — UNI EN ISO 9001:2015 - Reg. No. 6121)
and with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (2011 edition) and EU
directives and guidelines (EEC Council Directive 2010/63/UE).
The Italian Ministry of Health (authorization no. 9F5F5.N.IXK)
approved the use of animals for this study.

Samples preparation for confocal microscopy

Bones were sampled postmortem from healthy mice and used
for a qualitative assay. Femurs were incubated at 37°C for 2h
or 24h with R848-loaded NBL or BBL equivalent doses of 1uM
of R848. Afterward, bones were washed 10 times with PBS
before image acquisition to remove any unbound liposomes.

Images were acquired using sequential scanning mode by
an A1 Nikon confocal running NIS Elements at 20X or 40X
magnification. Data was acquired using NIS Elements soft-
ware 4.5 (Nikon, Melville, NY, USA).

Statistical analysis

All the data are indicated as mean+SD. When stated, inde-
pendent experiment means a single experiment carried out
with a new liposome batch and with a new batch of primary
macrophages. Statistical analysis and the significant differ-
ences among the means were analyzed by one way analysis
of wvariance (ANOVA) test with Dunnet correction:
non-parametric for data of Figure 5, and parametric for all
the other data (GraphPad v10.4 Software). Statistically signifi-
cant differences were expressed as follows: *p <0.05; **p < 0.01;
**%p <0.0001; ****p<0.00001.
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