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ARTICLE INFO ABSTRACT

Keywords: Osteosarcoma (OSA) is a bone cancer that affects both humans and animals, with dogs being particularly
Lipid nanoparticles vulnerable. Standard therapy is often limited by multidrug resistance (MDR), primarily due to the overexpression
Osteosarcoma of P-glycoprotein (P-gp), which expels drugs from the cells, reducing their efficacy. To overcome this challenge,
gz::lf:_z:m drug delivery systems (DDS) and P-gp modulators have been explored. However, developing DDS that selectively

target cancer cells remains difficult, with many current options lacking efficiency. Our research group has
recently developed an innovative type of nanoparticle with a lipid core and a calcium phosphate shell (CaP-NPs),
which enhances the uptake of doxorubicin (DOXO) in OSA cells. In this study, we loaded a lipophilic ester of
doxorubicin (C12DOXO0) and curcumin (CURC), a natural P-gp modulator, into CaP-NPs and co-incubated them
into human and canine OSA cell lines, including DOXO-resistant cells. The results demonstrated a significant
reduction in viability in human OSA cells. Additionally, the combination treatment led to a further increase in
C12DOXO retention when cells were also treated with the P-gp inhibitor verapamil, indicating enhanced efficacy
against MDR mechanisms. Notably, canine OSA cells exhibited a distinct response pattern, suggesting the
presence of species-specific differences that warrant further investigation.

Multidrug resistance
In vitro cell studies

1. Introduction

Osteosarcoma (OSA) is the most common form of malignant bone
tumor in both humans and dogs. It is a highly aggressive cancer, char-
acterized by rapid progression and a high propensity for metastasis,
particularly to the lungs. OSA accounts for the majority of primary bone
malignancies in both species and has a poor prognosis despite intensive
treatment efforts. Current standard treatment typically involves a
multimodal approach combining surgical resection of the primary tumor
with chemotherapy to manage micrometastatic disease and improve
overall survival rates (Ta et al., 2009; Makielski et al., 2019).

* Corresponding authors.

One of the standard chemotherapeutic agents used in OSA treatment
is doxorubicin (DOXO), an anthracycline antibiotic that intercalates
DNA and disrupts vital cellular processes, leading to cancer cell death
(Kciuk M et al.; 2023). Despite its effectiveness, DOXO induces systemic
toxicity that affects multiple organs, such as dose-dependent car-
diotoxicity; therefore, its use is significantly limited by such dose-
limiting toxicities, (Sheibani et al., 2022), and by the development of
multidrug resistance (MDR) in tumor cells. One of the primary mecha-
nisms of MDR involves the overexpression of P-glycoprotein (P-gp),
which actively exports chemotherapeutic drugs, reducing their intra-
cellular concentration and efficacy (Garcia-Ortega et al., 2022).
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Therefore, overcoming the adverse reactions and resistance mechanisms
of DOXO is critical for developing more effective therapeutic strategies
for OSA patients (Li et al., 2015).

Recent advances in drug delivery systems (DDS) offer a promising
approach to enhance the effectiveness of chemotherapeutic agents while
minimizing systemic toxicity (Sun et al., 2024). Successful drug delivery
demands that therapeutic agents be released at specific target sites in a
controlled manner, maximizing therapeutic efficacy while minimizing
adverse reactions. DDS, including liposomes and micelles, help protect
drugs from rapid degradation, increase efficacy, and reduce adverse
reactions by targeting the drug directly to tumor sites both by passive
and/or active targeting, the latter achieved by functionalizing DDS with
targeting ligands further improves selectivity, minimizing the impact on
healthy tissues (Rana et al., 2023). Moreover, they can promote
endocytosis-based entry into tumor cells, reducing dependence on pas-
sive diffusion pathways typically targeted by P-gp.

In the context of OSA treatment, nanoparticulate DDS have shown
promise in overcoming DOXO resistance. Susa et al. (2009) demon-
strated that DOXO-loaded lipid-modified dextran nanoparticles (NPs)
were effective in both drug-sensitive and drug-resistant OSA cell lines by
enhancing drug accumulation through P-gp-independent pathways,
resulting in increased apoptosis and improved treatment efficacy. A
subsequent study by Susa et al. (2010) used NPs to deliver MDR1-
targeting siRNA, successfully suppressing P-gp expression and
reversing drug resistance in MDR-OSA cell lines.

To further enhance DOXO efficacy and reduce cardiotoxicity, Gaz-
zano et al. (2019) developed synthetic DOXO conjugated with an H,S-
releasing moiety, which proved less cardiotoxic and more effective
against P-gp-overexpressing OSA cells when loaded into hyaluronic acid
(HA)-conjugated DOXO liposomes (HCDL). The HCDL formulation
demonstrated superior drug release profiles and exhibited increased
toxicity in vitro and in vivo compared to DOXO or the FDA-approved
liposomal DOXO, Caelyx®. These results suggest HCDL as a promising
approach for further investigation in patients with P-gp-overexpressing
tumors.

Another strategy to overcome MDR is leveraging drug synergy within
DDS. For instance, co-delivery of curcumin (CURC), a natural poly-
phenol with P-gp inhibitory properties, with DOXO has been shown to
exert a synergistic effect by enhancing chemotherapy effectiveness.
Duan et al. (2012) and Wang et al. (2016) demonstrated that the co-
encapsulation of DOXO and CURC in NPs reversed MDR in resistant
cancer cell lines, resulting in significantly higher cytotoxicity compared
to both drugs alone. In a clinical study, Lu et al. (2024) showed that co-
delivery of DOXO and CURC in lipid NPs reduced side effects and renal
function damage in OSA patients undergoing preoperative chemo-
therapy, suggesting a promising strategy for improving treatment effi-
cacy and safety.

Despite these advances, a significant challenge remains in effectively
targeting tumor tissues and achieving sufficient accumulation of nano-
carriers at OSA sites while minimizing off-target effects. NPs with a
calcium phosphate (CaP) shell offer particular advantages for treating
bone-related diseases like OSA due to their biocompatibility and
osteoconductivity, which facilitate improved localization to bone tu-
mors and enhance drug delivery efficiency. In our previous work (Sapino
et al., 2021), CaP-coated NPs demonstrated superior cellular uptake in
both human and canine OSA cells compared to uncoated NPs, suggesting
that CaP improves internalization.

Building on these findings, our group developed CaP-coated NPs
loaded with a lipophilic ester of DOXO (C12DOXO), demonstrating
increased uptake and cytotoxicity in OSA cells, particularly in the
presence of external calcium ions. This approach holds potential for
enhancing targeted OSA treatment by improving drug accumulation in
cancer cells (Chirio et al., 2022).

In the present study, we aim to leverage the potential of CaP-coated
NPs in combination with the synergistic effects of DOXO and the natural
P-gp inhibitor CURC to inhibit resistance in both human and canine
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OSA. Specifically, we developed CURC-loaded CaP-NPs and evaluated
their potential for co-incubation with C12DOXO-loaded CaP-NPs in
drug-sensitive and drug-resistant human and canine OSA cell lines. By
incorporating CURC into CaP-coated NPs, we aim to exploit its
resistance-inhibiting properties, enhancing the therapeutic efficacy of
C12DOXO and providing insights into treatment responses across
species.

2. Materials and Methods
2.1. Chemicals

Doxorubicin (DOXO0), dodecanoic acid, trilaurin, curcumin (CURC),
ethyl acetate (EA), sodium hydroxide, propylene glycol, calcium chlo-
ride, sodium phosphate dibasic dihydrate, Sepharose®CL4B, were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Epikuron®200
(soybean lecithin, containing 95 % phosphatidylcholine) from Cargill
(Minneapolis, MN, USA); Cremophor®RH60 (PEG-60 hydrogenated
castor oil) by Acef (Piacenza, Italy); sodium chloride and phosphoric
acid from Alfa Aesar (Haverhill, Massachusetts, USA).

2.1.1. Synthesis and characterization of the lipophilic derivative of DOXO

The lipophilic derivative C12DOXO was synthesized by esterification
of DOXO with dodecanoic acid and then characterized as reported in our
previous work (Peira et al., 2016).

2.2. Preparation of NPs

Blank NPs and NPs loaded either with C12DOXO or with CURC were
prepared with the previously developed “cold microemulsion dilution”
method (Chirio et al., 2019). More precisely, to obtain the lipid phase,
the lipid matrix was solubilized in 200 pL of water-saturated EA (s-EA),
along with appropriate amounts of surfactant and cosurfactant. After-
wards, 700 pL of EA-saturated water (s-water) were added dropwise to
the lipid phase, and then vortexed at room temperature until an oil-in-
water microemulsion (uE) was obtained. Subsequently, 5 mL of water
were added to the pE at room temperature, facilitating the diffusion of
the organic solvent from the inner phase into the added water, resulting
in the precipitation of solid lipid nanoparticles (NPs). The ionized
phosphate group of Epikuron®200 was exploited to impart a negative
charge on the surface of the NPs, which is necessary to ensure the
coating process. The same method was also used to prepare C12DOXO
loaded NPs and CURC loaded NPs. Different amounts of the drugs were
dissolved in the lipid phase.

Table 1 reports the compositions of blank NPs, C12DOXO-loaded
NPs, and of NPs loaded with increasing amounts of CURC.

2.3. Purification of NPs

Gel filtration was used to purify NPs employing a crosslinked agarose
matrix (Sepharose ® CL4B) as the stationary phase and PBS as the mobile
phase. An aliquot (0.5 mL) of NPs suspension was first subjected to gel
filtration and the resulting opalescent fraction (3 mL) containing the
purified NPs was then dialyzed for 2 h at room temperature against
ultrapure water using a dialysis bag (MWCO = 14,000 Da) in order to
remove excess salts and unloaded molecules. The same procedure was
adopted for C12DOXO NPs and CURC NPs.

2.4. Coating technique

NPs were coated with CaP according to the procedure described in
our previous paper (Sapino et al., 2021). Briefly, aliquots of NayHPO4
and CaCl, salt solutions were added to the purified NPs. The two
different salts have been sequentially added and alternating the aliquots
in a layer-by-layer process. To ensure two negative charges on the
phosphate group, pH was monitored and maintained around 8.5 during
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Table 1

Compositions of blank and loaded pEs, and of the resultant NPs (*water-saturated ethyl acetate; **dodecanoyl-doxorubicin ester; ***curcumin).
Ingredients HEO/NPO UED6/NPD6 HEC5/NPC5 nEC7.5/NPC7.5 HEC10/NPC10

NANO PARTICLES MICRO EMULSIONS Trilaurin (mg) 60 60 45 45 45

s-EA* (uL) 200 200 200 200 200
Epikuron®200 (mg) 170 170 180 180 180
Cremophor®RH60 (mg) 50 35 35 35 35
Propylene glycol (uL) 100 90 100 120 160
s-Water (uL) 700 700 700 700 700
C12DOXO0** (mg) - 6 - - -
CURC*** (mg) - — 5 7.5 10
Dilution water (mL) 5 5 5 5 5

each addition. The resulting CaP-NPs suspensions were then dialyzed
overnight at room temperature against ultrapure water with a 14,000 Da
MWCO to remove the excess ions.

2.5. Characterization of NPs

NPs have been accurately characterized using a number of different
techniques, including measuring their size and surface characteristics
and testing their loading efficiency.

2.5.1. Mean diameter and surface charge

Dynamic light scattering (DLS) instrument (Brookhaven Instruments,
Holtsville, NY, USA) was employed to perform the measurements. Mean
diameters of NPs were determined in triplicate. Surface charge mea-
surements were conducted using Zeta potential mode. In both mea-
surements, ultrapure water was used to dilute samples, and ten
measurements were taken to determine Zeta potential.

2.5.2. HPLC analyses

HPLC analyses were conducted using a Shimadzu HPLC system
(Tokyo, Japan) equipped with a C-R5A integrator and a Teknokroma®
ODS column (5 pm, 15 cm x 0.46 cm). C12DOXO was eluted using a
gradient method with a mobile phase consisting of 0.3 % H3PO4 in water
and 0.1 % H3PO4 in CH3CN, at 1.0 mL/min flow rate. Detection was
performed fluorometrically with excitation at A480 nm and emission at A
520 nm, following a previously described procedure [10]. CURC HPLC
analysis was performed using a Teknokroma®ODS column (5 um, 15 cm
x 0.46) and a Shimadzu (Tokyo, Japan) HPLC apparatus; the detection
was performed with UV-Vis detector, » 450 nm (Shimadzu, Tokyo,
Japan). CURC was eluted in isocratic conditions at 1.0 ml/min flow
using CH30H/3.5 % CH3COOH in water (70:30 v/v) as mobile phase. A
calibration curve was built by plotting the peak area as a function of
drug concentration. An acceptable linearity (R? = 0.9999) was obtained
in the 5-100 pg/mL range. The relative standard deviation (RSD) of
intra-and inter-day precision for 3 concentrations (10, 20 and 50 ug/mL)
was below 3 % with accuracy ranging from 97.0 % to 103.0 %. As CURC
is a fluorescent molecule, to verify shape and drug entrapment CURC-
NPs were observed by an optical microscope (Leica DM 2500, Solms,
Germany) equipped with a fluorescent lamp at 1000 X magnification.

2.5.3. Entrapment efficiency Evaluation

Entrapment efficiency percentages (%EE) of either C12DOXO or
CURC in the developed NPs were investigated using a gel chromatog-
raphy column of Sepharose®CL4B. Fixed aliquots of the prepared NPs
suspension were carefully loaded onto the column and then eluted with
pH 7.4 PBS as mobile phase. Fractions were collected in tubes and
analyzed by HPLC. Each value of %EE was obtained by dividing the
amount of drug found in the filtrated fractions of the NPs by the total
amount of drug added in the preparation of NPs, and then multiplying
the result by 100.

2.5.4. Freeze-Drying/Re-Suspension of NPs
CaP-NPs suspensions were freeze-dried either in the absence or in the

presence of a cryoprotectant (10 % w/v trehalose or glucose or sucrose)
in order to increase their long term storage. All the samples were stored
at —40 °C overnight and then dried under 50 mtorr atmosphere for 24 h.
Finally, NPs were reconstituted in milliQ water under agitation. Mean
diameter, polydispersity index, and Zeta potential of the reconstituted
samples were determined.

2.5.5. In vitro release study

The release of CURC from NPs was determined in vitro employing a
multi-compartment rotating cell system. Several donor and receptor
compartments of equal volume (1.5 mL) were separated by a hydro-
philic membrane, Servapor® dialysis tubing (Serva, Heidelberg, Ger-
many), cut-off 12,000-14,000 Da (Trotta et al., 2004). In separate
experiments, 10 % PEG 300 CURC solution, NPC10, and CaP-NPC10
suspensions were used as donor formulations. 10 % PEG 300 water so-
lution (pH 7.8) was employed as the receiving medium. To mimic sink
conditions, at fixed times, the receiving solution was fully removed and
the compartment was filled with fresh receiving medium. CURC con-
centration in the receiving medium was determined by HPLC. The
release of C12DOXO systems was already studied in a previous work
(Chirio et al., 2022).

2.6. Invitro cell studies

2.6.1. Human osteosarcoma and osteoblast cells

Human DOXO-sensitive osteosarcoma U-20S cells (HTB-96, ATCC,
Manassas, VA, USA) were cultured at 37 °C, 5 % CO», in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Milan, Italy), containing
1 % v/v penicillin-streptomycin (Sigma-Merck, St. Louis, MO, USA) and
10 % v/v foetal bovine serum (FBS) (Sigma-Merck). The DOXO-resistant
counterpart cells (U-20S/DX) were generated by culturing U-20S cells
in medium with increasing concentrations of DOXO up to 580 ng/mL
DOXO (Serra et al., 1993), used as “maintenance concentration”. Human
non- transformed osteoblasts were generated as previously described
(Buondonno et al, 2016): mesenchymal stem cells from healthy volun-
teers were cultured in differentiation osteogenic medium for 14 days
(Gronthos et al., 2003). The osteoblast differentiation was confirmed by
the Bone Alkaline Phosphatase (Sigma-Merck), as per manufacturer’s
instructions, then used for the experiments reported.

2.6.2. Canine osteosarcoma D17 cells

Canine osteosarcoma D17 cells (CRL-8468, ATCC, Manassas, VA,
USA) were cultured at 37 °C and 5 % CO5 atmosphere in the presence of
complete medium composed of DMEM, 10 % v/v FBS, 2 % v/v antibiotic
and antimycotic solution, and 2 % v/v L-glutamine. All reagents were
purchased from Sigma Aldrich (Merck company, St. Louis, MO, USA).

2.6.3. Cytotoxicity assay

The cytotoxicity assay was performed on both human and canine
OSA cells according to Vercelli et al. (2014) on 5 x 102 cells/100 uL
cells, seeded in 96-well plates, incubated for 72 h. First, to determine
IC50 values, U-20S, U-20S/DX and D17 cells were incubated separately
with free C12DOXO and CURC at concentrations ranging from 0.01 pM
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to 100 uM. Then, U-20S and U-20S/DX cells were incubated with
C12DOXO 2.5 uM, CURC 22 uM, CaP-NPD6 2.5 uM, CaP-NPC10 22 uM,
and their combinations; D17 cell line was incubated with C12DOXO 59
uM, CURC 16 pyM, CaP-NPD6 59 uM, CaP-NPC10 16 uM, and their
combinations. In parallel, cells were incubated for 72 h with blank NPs
(CaP-NPO), choosing the lipid concentration corresponding to the min-
imum dilution used when CaP-NPC10 and CaP-NPD6 were co-
administered. At the end of the incubation time, 20 pL of the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) solution
(5 mg/mL in PBS) were added to each well and the plates were incu-
bated for 4 h at 37 °C. Then, the content of wells was removed and 150
uL of DMSO were added to allow dissolution of precipitated formazan
salt, maintaining the plates under shaking for 10 min at room temper-
ature. The absorbance was read using a plate reader (Poverwave x; Bio-
Tek Instruments Inc., Winooski, USA) at 570 nm. Results were expressed
as the percentage of viable cells, comparing the results obtained per each
well of treated cells with the mean value of control (untreated) cells, and
subtracting blank values. Each experimental condition was performed in
quintuple. As a second read-out of cell viability, we used the ATPLite kit
(PerkinElmer, Waltham, MA) as per manufacturer’s instruction.

2.6.4. C12DOXO cellular uptake

Human cells, seeded in 24-well plates, were incubated for 24 h with
C12DOXO 2.5 pM either free or entrapped in CaP-NPs (CaP-NPD6 2.5
uM) alone and in combination with CURC 22 uM or with CaP-NPC10 22
uM, respectively. Similarly, the canine cell line was incubated either
with C12DOXO 59 uM free or entrapped in CaP-NPs (CaP-NPD6 59 pM)
alone and in combination with CURC 16 uM or with CaP-NPC10 16 uM,
respectively. In a further experimental setting, cells were co-incubated
with the P-gp inhibitor verapamil 50 uM. At the end of the incubation
times, cells were washed twice with PBS, detached with 0.50 pL trypsin,
and re-suspended in 250 pL a 1:1 (v/v) solution of ethanol/HC1 0.3 N. An
aliquot of 50 pL was sonicated and used for protein quantification using
the BCA-1 kit (Sigma-Merck company, St. Louis, MO, USA). The
remaining sample was transferred into a 96-well plate to measure the
intracellular fluorescence of C12DOXO as an index of drug content,
using a Synergy HTX multiplate reader (Bo-Tek Instruments, Winooski,
VT), choosing excitation and emission wavelengths of 596 and 615 nm,
respectively. Fluorescence units were converted to nmoles of C12DOXO
according to a titration curve performed with free C12DOXO solutions at
the 1, 10, 100, 250, and 500 nmol/mL concentrations. Results were
expressed as nmol/mg cellular proteins. As second assay of intracellular
DOXO accumulation, we measured the drug content by flow cytometry
(Buondonno, 2019): 250 x 105 cells, incubated as described above,
were washed twice with PBS, detached by the Cell Dissociation Solution
(Sigma-Merck) and analyzed by a Guava® easyCyte flow cytometer
(Millipore, Bedford, MA, USA), using the InCyte software (Millipore).

2.6.5. Statistical analysis

Data about cell cultures have been organized using Excel software
(Microsoft corporation,Redmond, WE, USA). Results were analyzed
using One-way variance analysis (ANOVA) and Tukey’s multiple com-
parison test, using the Prism software (v 6.01, GraphPad, Boston, MA,
USA). The same software has been used to calculate IC50 employing the
specific function. A p-value < 0.05 was noted as significant. All data
were expressed as means + standard deviation (SD).

3. Results and discussion

The primary cause of OSA therapy failure is attributed to the MDR
mechanism, which reduces the effectiveness of many drugs against this
cancer type. Consequently, DOXO requires high-dose administration to
be effective, leading to adverse reactions in major organs, especially
cardiotoxicity (Swain et al., 2003) and bone marrow suppression.

The use of NPs as DDS has been described as one of the effective
approaches to overcome MDR (Barraud et al., 2005; Duggan and
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Keating, 2011) and consequently, to enhance drug accumulation in
drug-resistant tumor cells. Endocytosis of NPs could lead to bypass the P-
gp-dependent efflux, resulting in increased intracellular drug concen-
tration and drug cytotoxicity (Petschauer et al., 2015). In our previous
work (Chirio et al., 2022) C12DOXO-loaded NPs showed a higher drug
accumulation in OSA cells compared to free drug, even higher when NPs
were CaP-coated.

This work represents a step forward, as DOXO was co-administered
with CURC, a molecule capable of modulating P-gp expression and
function in MDR cell lines (Anuchapreeda et al., 2002; Xue et al., 2013;
Tang et al., 2005).

In the case of OSA, several researchers have successfully demon-
strated that CURC can induce apoptosis of cell line MG63, U-20S and
HOS through different signal pathways (Zhang et al., 2017; Walters
etal., 2008; Lee et al., 2009) and can suppress the proliferation, invasion
and metastasis spreading (Sun et al., 2019; Withers et al. 2018).
Nevertheless, CURC as a free drug has low bioavailability after oral
administration, limiting its use in cancer treatment.

In this study, CURC was loaded into CaP-NPs to address this limita-
tion, then its effectiveness in treating OSA was tested on both human and
canine cell lines by co-administering it with CaP-C12DOXO NPs.

3.1. Characterization of NPs

In Table 2 mean diameters, Zeta Potential and drug %EE were
reported.

All uncoated NPs showed mean diameters in the 200-300 nm range,
which increased upon drug entrapment. Sizes of CaP-coated NPs were
slightly higher than the uncoated one, probably owing to the deposition
of salts on the surface of NPs.

Zeta potentials of NPO and CURC-NPs were negative, due to the
ionized phosphate groups of Epikuron®200. To verify the coating for-
mation, these values were determined also during and after the CaP
coating process. As already observed in our previous work (Sapino et al.,
2021), after each addition of salt a significant change in Zeta potential
was noted (data not reported). In particular, a marked increase in Zeta
potential was observed after CaCl, solution addition, while strong
negative values were observed following the addition of NayHPO4 so-
lution. This alternation of charges during the coating process could be an
indication of layer-by-layer deposition of the added ions on NPs’ surface.
As shown, all final Zeta potentials resulted only slightly negative with
values between —1.7 and —4.3 mV.

The characterization data of C12DOXO-loaded NPs, already reported
and discussed in a previous work (Chirio et al., 2022), showed a strongly
positive value when 6 mg of C12DOXO was loaded into NPs. This value
could be due to a not insignificant amount of the drug that might be
adsorbed on the NP surface with protonated amino groups exposed
outward. Also in this case, an alternation of Zeta potential values was
noted. Furthermore, the coating formation was assessed by FESEM
analysis.

In Table 2 the %EE of C12DOXO and of CURC in both uncoated and

Table 2
Mean diameter, Zeta potential and drug entrapment efficiency of different NPs.
Mean diameter ~ Zeta Potential ~ C12DOXO %EE  CURC %EE
(nm) (mV)
NPO 209.7 + 2.8 —235+14 — —
CaP-NPO 232.2 + 4.0 —1.6+0.2 - —
NPD6 2827 + 3.2 +12.7 £ 1.5 87.2+29 -
CaP-NPD6 311.8 + 6.3 +1.6 + 2.0 74.2 £ 2.4 -
NPC5 278.5 + 2.6 —16.8 + 2.0 - 98.2 + 3.5
CaP-NPC5 311.8+7.5 —43+17 - 73.5+2.8
NPC7.5 285.4 +13.4 —-17.0 £ 2.6 — 98.3 £+ 3.0
CaP-NPC7.5 321.5 +15.7 —9.0 +2.2 - 74.5 + 2.5
NPC10 260.2 + 32.1 —19.8 +1.8 — 86.6 + 2.2
CaP-NPC10 289.9 + 18.9 -1.7+31 — 81.5+ 2.8
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coated NPs is also reported. %EE of both drugs in all uncoated NPs was
in the 80-90 % range but it decreased by about 15-20 % after CaP
coating; probably, a part of the drug was released during the agitation
and dialysis processes. No evident differences in %EE were noted
varying the CURC amount.

As CURC-NPs loaded with 10 mg of drug (NPC10) presented the
lowest mean diameters and the highest drug loading in the CURC-NP
series, they were chosen for the following in vitro studies.

NPC10 were observed by an optical microscope equipped with a
fluorescent lamp to assess their shape and drug entrapment. In Fig. 1A
and 1B micrographs of NPC10 and CaP-NPC10 are reported.

Due to their small sizes, both uncoated and coated NPs appear as
fluorescent points. Notably, all NPs exhibit an almost spherical shape,
are not aggregated, and contain CURC. These observations corroborate
the data obtained from DLS and %EE analyses.

To increase NPs stability overtime, CaP-NPC10 were freeze-dried in
the absence and in the presence of different cryoprotectants. In Table 3
mean diameters of freshly prepared and re-suspended freeze-dried CaP-
NPC10 are reported.

Since NP aggregation was observed in the absence of cryoprotectants
(with CaP-NPC10 showing mean sizes over 500 nm), adding cryopro-
tectants was necessary to preserve characteristics similar to those of
freshly prepared NPs. The mean NP diameter remained comparable to
the initial values when sucrose and glucose were used as cryoprotec-
tants, whereas trehalose had no effect on NP aggregation. As a result, it
appears that freeze-drying of CaP-NPC10 can increase its stability over
time.

3.2. Invitro release study

A CURC release study was conducted on NPC10 and CaP-NPC10,
using an aqueous CURC solution in 10 % w/w PEG 300 as a reference
(Fig. 2). This setup allowed for a comprehensive comparison of the
release profiles.

CURC solution and both NPC10 and CaP-NPC10 showed very
different release profiles. CURC release from the solution showed a first
order release profile: about 55 % of CURC was released within 3 days. A
slower CURC release rate was noted from NPs: only 15 % was released
within 3 days and a pseudo-zero-order kinetic was observed in this time
interval. As no burst effect was observed with NPC10 and CaP-NPC10,
we can hypothesize that CURC was entrapped into the lipid matrix

g
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Table 3
Mean diameters of CURC loaded CaP-NPs before and after freeze-drying.

Sample Before freeze-drying After freeze-drying
(nm) (nm)
CaP —NPC10 289.9 +18.9 546.8 + 7.6
CaP-NPC10 + 10 % 289.9 + 18.9 624.8 + 44.0
threalose
CaP-NPC10 + 10 % sucrose 289.9 + 18.9 318.1 +18.4
CaP-NPC10 + 10 % glucose 289.9 + 18.9 303.6 + 6.3

confirming the %EE data and the microscope observation. Similar
release profiles were observed with C12DOXO as reported in a previous
work (Chirio et al. 2022).

3.3. Human OSA cells in vitro studies

3.3.1. Cytotoxicity assay

To choose the concentrations of C12DOXO and CURC to be co-
incubated when loaded into CaP-NPs, the concentration of each drug
able to inhibit the cell proliferation by 50 % (IC50) was calculated after
incubation of U-20S and U-20S/DX cell lines with drug solutions at
concentration ranging from 0.01 to 100 uM.

The inhibition of cell proliferation induced by C12DOXO in OSA cells
(Fig. 3) was different according to the cell line: in U-20S IC50 of
C12DOXO is relatively low (1.89 + 0.17 uM) (Fig. 3A), while in DOXO
resistant U-20S/DX cells IC50 is higher than 100 uM (Fig. 3B). This
difference is likely due to the overexpression of P-gp in U-20S/DX cells
that increases the efflux of DOXO from the cells.

On the contrary, the IC50 of CURC alone was 22.95 + 1.36 uM and
23.64 + 1.37 uM for U-20S and U-20S/DX, respectively (Fig. 4A and
4B). This result suggests that the cytotoxic effect of CURC, although less
potent than that of DOXO, is independent of the presence of P-gp.

Consequently, 2.5 yM C12DOXO and 22 yM CURC were used in the
following co-administration studies.

In Fig. 5, cell viability after 72-hour incubation with different sam-
ples (C12DOXO0 and CURC free or NP-loaded, alone or in combination) is
reported.

Blank NPs (CaP-NPO0), incubated at the same concentration of CaP-
NPD6 2.5 pM + CaP-NPC10 22 pM, did not reduce cell viability,
excluding that they can reduce cell viability. Cell viability was influ-
enced both by drug loading and co-administration. Indeed, a significant

Fig. 1. Micrography of NPC10 (A) and CaP-NPC10 (B) at 1000 x magnification.
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Fig. 2. CURC release profiles from: 10% w/w PEG 300 aqueous solution, NPC10, and CaP-NPC10.
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Fig. 3. The graphs represent the inhibition of cell proliferation induced by the administration of scalar concentrations (expressed as Log) of C12DOXO in OSA
sensitive U-20S (A) and OSA resistant cells U-20S/DX (B). IC50 values were 1.89 + 0.17 and > 100 uM for U-20S and U-20S/DX, respectively.
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Fig. 4. The graphs represent the inhibition of cell proliferation induced by the administration of scalar concentrations (expressed as Log) of curcumin in OSA
sensitive U-20S (A) and OSA resistant cells U-20S/DX (B). IC50 values were 22.95 + 1,36 uM and 23.64 + 1.37 pM for U-20S and U-20S/DX, respectively.
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Fig. 5. Cell viability of U-20S and U-20S/DX cells incubated with different samples or with combination of samples for 72 h measured by MTT assay. Results are
means + SD (n = 4). For U-20S cells: ***p < 0.001 (for all conditions except CaP-NPQ) versus untreated cells, whose viability was considered 100 %. For U-20S/DX
cells: # p < 0.05: CURC 22 pM; ### p < 0.001 for CaP-NPD6 2.5 pM; CaP-NPC10 22 pM; C12DOXO 2.5 pM + CURC 22 pM; CaP-NPD6 2.5 uM + CaP-NPC10 22 pM

versus untreated cells, whose viability was considered 100 %.

decrease of viability was observed when both CURC and C12DOXO were
entrapped into NPs compared to free drugs but also when the two drugs
were co-administered. As expected, in the U-20S cell line the cell
viability decreased up to 2 % when 2.5 pM CaP-NPD6 and 22 pM CaP-
NPC10 were co-administered. The same trend was detected in U-20S/
DX cells even if the cell mortality was lower; in this case the co-
administration of the two drugs loaded into NPs decreases the cell
viability up to about 25 %. These results indicate the efficacy of CaP-NPs
and CURC against DOXO-resistant human OSA cells. Since DOXO is an
excellent substrate of P-gp, we next investigated whether the cytotoxic
potential of the combination of CaP-NPD6 and CaP-NPC10 was due to an
increased intracellular retention of DOXO caused by the inhibition of P-
gp. The intracellular content of ATP, considered an index of viable cells,
was measured as second parameter of cell viability (see supplementary
Figure S1): the results were in line with the MTT assays and confirmed
that CaP-NPD6 + CaP-NPC10 combination was the most effective in
reducing cell viability in both DOXO-sensitive and DOXO-resistant cell
lines.

Beside verifying that CaP formulations offer a significant advantage
in terms of drug efficacy against drug resistant cells, an important issue
when a new nanoformulation is used is to investigate the lack of adverse

reactions on non-transformed cells. Hence, we tested the viability of
human osteoblasts cells of free drugs and their formulations. As shown
in Fig. 6 (MTT assay) and in supplementary Figure S2 (ATPLIte assay),
neither free drugs (C12DOXO, CURC), nor their formulations, alone or
combined, reduced cell viability to more than 30 %, demonstrating a
lower effect on non-transformed cells. No significant differences were
detected among the formulations, indicating that the presence of CaP
does not significantly change the viability of non-transformed cells. The
different behavior with tumor cells can be explained by a different
pattern of endocytosis, release of the drug between cancer cells and non-
transformed cells. To investigate this point, we thus measure the intra-
cellular accumulation of DOX achieved in osteosarcoma and non-
transformed osteoblasts.

3.3.2. C12DOXO cellular uptake

C12DOXO uptake data were consistent with cell viability results.
Indeed, the amount of drug found in the cells increased when C12DOXO
was loaded into CaP-NPs and when C12DOXO and CURC were co-
administered. In detail, C12DOXO uptake in U20S cells increased
from 7 nmol/mg protein (C12DOXO solution) up to 23 nmol/mg protein
(C12DOXO loaded in CaP-NPs and co-administered with CaP-NPC10).
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H %
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Fig. 6. Cell viability of human osteoblast cells incubated with different samples or with combination of samples for 72 h measured by MTT assay. Results are means
+ SD. Significance: * p < 0.05 for C12DOXO 2.5 pM + CURC 22 pM; CaP-NPD6 2.5 uM + CaP-NPC10 22 uM versus untreated cells, whose viability was considered

100 %.
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The same trend was noted in U-20S/DX cell lines, where even a tenfold
increase in drug uptake occurred comparing C12DOXO solution with
C12DOXO loaded in CaP-NPs and co-administered with CaP-NPC10.
However, in line with the higher levels of P-gp in the resistant cells,
drug uptakes were lower (from 0.73 up to 7.5 nmol/mg protein)
(Fig. 7A). Notably the uptake of C12DOXO and CaP-NPD6, alone or
associated respectively with CURC or CaP-NPC10, was significantly
lower in non-transformed osteoblasts (Fig. 7B), explaining the lower
cytotoxicity observed. The same trend in terms of drug retention in U-
20S, U-20S/DX and osteoblasts was confirmed by flow cytometry
accumulation of the C12DOXO (Supplementary Figure S3). The differ-
ential profile of cytotoxicity and uptake of DOXO between osteosarcoma
and non-transformed cells may set the basis for a potential therapeutic
window in light of future applications in preclinical models in vivo.

To prove that the increased retention of DOXO was due to the P-gp
inhibition, we co-incubated verapamil, an inhibitor of P-gp, with free
C12DOXO, CaP-NPD6 and CaP-NPD6 + CaP-NPC10. Verapamil
increased the retention of C12DOXO in a time dependent manner. The
effects were greater in U-20S/DX, which express higher amounts of P-gp
than in U2-20S (Buondonno et al., 2019). In DOXO-resistant cells, the
benefit of verapamil followed this rank order: CaP-NPD6 + CaP-NPC10
> CaP-NPD6 > free C12DOXO. This trend suggests that C12DOXO0 might
be a substrate of P-gp in OSA cells, but its entrapment in CaP-NPs likely
makes the drug less subject to the efflux of P-gp. The presence of CaP-
NPC10 offers a further advantage, because the entrapment of CUR in

International Journal of Pharmaceutics 668 (2025) 124970

NPs, granting a higher bioavailability of the compound, enhances its
effect as P-gp inhibitor, in line with previous results obtained in TNBC
(Fathy Abd-Ellatef et al., 2020). The triple combination of verapamil
plus CaP-NPD6 and CaP-NPC10 achieved the highest intracellular
retention of drug, because of the double inhibition — exerted by CUR
and verapamil, on P-gp (Fig. 8).

3.4. Canine OSA cells in vitro studies

3.4.1. Cytotoxicity assay

As previously exposed for the human counterpart, also for D17 cell
line a range of concentrations from 0.01 to 100 uM of C12DOXO and
CURC has been tested. After 72 h incubation, MTT assay was performed.
Data have been analyzed in order to calculate IC50, which was subse-
quently used to proceed to further experimental steps. In Fig. 9, D17 cell
viability after 72 h incubation with C12DOXO is reported, while in
Fig. 10 the response to CURC incubation is reported. IC50 values were
58.92 + 0.2191 uM and 16.43 + 0.1855 uM, respectively.

According to the results obtained in the present experimental setting,
the responses of the D17 cell line were completely different to the two
compounds. The trend of C12DOXO showed an initial decrease in cell
proliferation, reaching the lowest percentage of cell viability at the
concentration of 2.5 yM. The concentrations of 5 and 10 pM demon-
strated a slight increase in cell proliferation but a dramatic and signifi-
cant increase was shown from the concentration of 15 pM to the
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C12DOX0 2.5 M + CURC 22 uM L -
QU-208/DX
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b
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Fig. 7. Uptake of C12DOXO in U-20S and in U-20S/DX cells (Panel A) and in non-transformed osteoblasts (panel B) 24 h after sample incubation. Results are means
=+ SD (n = 4). For U-20S cells: ** p < 0.01 for CaP-NPD6 2.5 pM/CaP-NPD6 2.5 uM + CURC 22 pM vs C12DOXO; *** p < 0.001 for CaP-NPD6 2.5 pM + CaP-NPC10
22 pM vs C12DOXO. For U-20S/DX cells: ### p < 0.001 for all conditions vs C12DOXO. For non-transformed osteoblasts: §§ p < 0.01: CaP-NPD6 2.5 pM + CURC

22 pM vs C12DOXO.
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Fig. 9. The graph represents the inhibition of cell proliferation induced by the
administration of scalar concentrations (expressed as Log) of C12DOXO in OSA
canine cell line, D17. IC50 value was 58.92 + 0.2191 pM.

maximum concentration of 100 pM. This particular behavior could be
motivated considering that the highest concentrations may induce an
alteration of the transport systems due to a saturation after the long
incubation period or an increased activity of the efflux pump may be
induced. For the following experimental steps, the IC50 of 59 pM has
been considered for the incubation of C12DOXO in D17 cell line.

On the contrary, the response of D17 cell line after 72 h incubation
with CURC demonstrated a concentration-dependent behavior.

IC50 value was calculated as 16.43 + 0.1855 pM, and the concen-
tration equal to 16 uM has been chosen for further experimental steps.
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Fig. 10. The graph represents the inhibition of cell proliferation induced by the
administration of scalar concentrations (expressed as Log) of CURC in OSA
canine cell line, D17. IC50 value was 16.43 + 0.1855 puM.

In Fig. 11 and in supplementary Figure S4 cell viability after 72 h
incubation with different samples (C12DOXO and CURC free or NP-
loaded, alone or in combination), obtained by MTT test and ATPlite
assay respectively, is reported.

The highest rate of cytotoxicity was demonstrated for the association
of CaP-NPD6 59 uM -+ CaP and NPC10 16 uM. Nevertheless, no statically
significant differences have been appreciated with the association of
C12DOXO0 59 uM and CURC 16 pM: this result suggests that the com-
bination between DOXO and CURC must be pursuit because both com-
pounds, administered together, can significantly improve the inhibition
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Fig. 11. Cell viability of D17 cells incubated with different samples or with combination of samples for 72 h measured by MTT assay. Results are means & SD (n = 5).
**¥*p < 0.001 for all conditions except CaP-NPO and CaP-NPC10 16 uM versus untreated cells, whose viability was considered 100 %. ### p < 0.001 versus

C12DOXO 59 pM.

of proliferation of OSA in a canine model. This hypothesis find confir-
mation considering the data obtained by the single compounds tested
alone: CURC in both formulations is not able to induce any significant
inhibition of cell proliferation, while DOXO at the concentration used in
the present experimental setting was able to induce a more evident in-
hibition of cell growth but without reaching the values obtained by the
association. Blank NPs (CaP-NO) did not induce any statistical significant
alteration of cell proliferation.

3.4.2. C12DOXO cellular uptake

In Fig. 12 C12DOXO cellular uptake data are reported.

The results obtained in the cellular uptake assay showed that the
highest rate of uptake was obtained with CaP-NPD6 59 pM. This value
was significantly different compared to other samples or associations.
Nevertheless, also the association of CaP-NPD6 and CaP-NPC10 showed
a value of uptake, higher than that reported for the association
C12DOXO 59 pM + CURC 16 pM. It is possible that the discrepancy
between viability and uptake of CaP-NPD6 (Figs. 11 and 12,

respectively) might be explained by the fact that NPs enter the cell as a
whole and release the drug there slowly even after 72 h. A prolonged
release within the cell could therefore be obtained, resulting in a
reduction in the frequency of administration. Once again, the intracel-
lular DOXO accumulation measured by flow cytometry confirmed the
results obtained by fluorometric quantification (Supplementary
Figure S5).

Considering that the association seems to decrease the uptake of
C12DOXO-loaded NPs pushed to carefully evaluate possible specific
cellular mechanisms. For this reason, also for D17 cells, an experimental
setting using verapamil has been set (Fig. 13).

The co-incubations were made by adding verapamil to free
C12DOXO, CaP-NPD6 and CaP-NPD6 + CaP-NPC10. Verapamil
increased the uptake of all tested formulations, and it was possible to
appreciate the following: CaP-NPD6 + CaP-NPC10 > CaP-NPD6 > free
C12DOXO. Similar to what has been already written about the human
OSA cell lines, this behavior is explainable considering that C12DOXO
might be is a substrate of P-gp and that its entrapment in CaP-NPs might
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Fig. 12. Uptake of C12DOXO in D17 24 h after sample incubation. Results are means &+ SD (n = 5). *** p < 0.001 for all comparisons vs C12DOXO 59 uM.



S. Sapino et al.

1500+
S
= 1000 J
; %’3 00+ *kk
=
= e
S‘g 500
g 1 * %% ]
=
Oﬂ L} ) 1
0 10 20 30

time (h)

International Journal of Pharmaceutics 668 (2025) 124970

15001 e J
" 5T
2
=
oo 10004 =
< E
E g §§§
5 oy
— 5001
(=]
=
=
0 . . .
0 10 20 30

time (h)

C12DOXO -# CaP-NPD6 -« CaP-NPDG6 + CaP-NPC10
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made the drug less subject to the efflux of P-gp. The data about the
increased uptake of the formulation containing CURC are encouraging
and seem to suggest that the uptake is significantly improved when P-gp
efflux is inhibited. These results and observations are in accordance with
a previous description of the presence of efflux pump in D17 cells:
another investigation already demonstrated that verapamil is able to
increase intracellular accumulation of DOXO by inhibiting P-gp trans-
porter mechanism (Matek et al. 2021).

The effectiveness of cancer treatments has significantly improved in
the last decades due to the advancement in early diagnosis and treat-
ments. Nevertheless, the chemotherapy still relies on cytotoxic chemo-
therapy. The natural evolution of the investigation to find new
successful treatments rely on the possibility to improve the actual
formulation or to renew the interest in natural compounds (Wagle, et al.,
2024).

The importance of using canine tumors as models for human species
is an interesting topic that can provide more useful information
compared to those obtainable from murine tumor models. Canine OSA
share many biological, genetic, and histologic features with their human
tumor counterparts, and retain the complexities of naturally occurring
drug resistance, metastasis, and tumor-host immune interactions (Klo-
sowsk et al., 2023). Genomic descriptions of OSA are increasingly
frequent, supporting the shared chromosomal, genetic, and epigenetic
abnormalities between dog and human. Carefull analysis such as whole
genome, transcriptome, and methylome sequencing were used to iden-
tify similar alteration between human and canine OSA such as chro-
mosomal rearrangements, gene mutations, alterations in gene
expression, alterations in microRNA expression, and DNA methylation
(Bryan, 2024). In a hypothetical scenario, the canine OSA model might
facilitate treatment advances benefitting both species. Nevertheless,
some limitations exist in real clinical practice and also some inherent
differences must be considered (Klosowski et al., 2023). In fact,
considering the results obtained in the present study, it appears that the
results of the in vitro evaluations of human and canine cell lines are not
completely comparable. The MTT assay in the presence of C12DOXO
showed that D17 cell line demonstrated an initial decrease of cell pro-
liferation, followed by a subsequent increase at higher concentrations
(Fig. 11). This different biological behavior is not surprising, since it was
already reported in literature that human and canine cell lines can
exhibit different responses to pharmacological treatments (Vercelli et al.
2015). This should always be taken into consideration when studies
about comparative oncology are planned. Even if the macroscopic pre-
sentation and the histologic examination seem to suggest that the human
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and canine neoplasms are very similar (or almost identical) the under-
lying molecular mechanisms may be completely different. In Author’s
opinion, the data reported in the present manuscript seem to suggest
that human and canine OSA cell lines can react differently to the incu-
bation of C12DOXO and CURC NPs. Indeed, a recent paper dealing with
human and canine OSA reported that the viability of D17 cell line was
less affected by the incubation of DOXO, cisplatin and etoposide alone if
compared to human cell cultures, while their combinations appeared to
induce a strongest effect (Poradowski et al. 2022).

4. Conclusions

Our previous works showed that the use of CaP-coated NPs can play a
key role in enhancing the retention of C12DOXO in human and canine
OSA cells. Building on these findings, the primary objective of the pre-
sent study was to investigate whether co-incubation of C12DOXO-
loaded CaP-NPs with CURC-loaded CaP-NPs could serve as an effec-
tive strategy to further increase drug uptake and, consequently, enhance
the cytotoxicity of DOXO in OSA cell lines from both species.

In vitro cell studies on C12DOXO-loaded NPs and CURC-loaded NPs,
tested alone and in combination, evidenced different biological behav-
iors into human and canine cells. In human U-20S cells, as well as in
DOXO resistance U-20S cells, both CURC and C12DOXO induced a
higher decrease of cell viability when entrapped into CaP-NPs compared
to the corresponding free drugs. Also in canine D17 cells the positive
effect of co-incubation was observed, and differences in biological
response have been highlighted in comparison with the human OSA cell
lines.

Moreover, a greater cytotoxicity was observed when the drugs were
co-incubated both in the free form and loaded in NPs. The efficacy of
C12DOXO-loaded NPs against P-gp expressing human osteosarcoma is
of particular importance in a translational perspective, because the level
of P-gp is a biomarker predictive of a faster progression and poor
response to chemotherapy (Pakos and Ioannidis, 2003). Rescuing the
efficacy of DOXO, the first-line drug in this tumor, also in OSA
expressing P-gp, for instance using NP formulations and combination
treatments, represents an advance in the treatment strategies of OSA
patients. In conclusion, the here proposed approach holds significant
potential for both human and veterinary medicine, warranting further
investigation.
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