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Numbers Matter: The Role of Cell Dose in the Treatment of
Osteosarcoma Using Mesenchymal Stromal Cells as
Cellular Vehicles

Elisa Martella, Barbara Dozza, Claudia Ferroni, Chiara Bellotti, Clement Osuru Obeyok,
Matilde Tubertini, Andrea Guerrini, Marco Ballestri, Marta Columbaro, Ilse Manet,
Marco Gambarotti, Lucia Martini, Milena Fini, Luca Cevolani, Davide Maria Donati,
Enrico Lucarelli, Greta Varchi,* and Serena Duchi*

A promising approach enhancing osteosarcoma (OS) prognosis involves the
combination of various techniques, such as chemo- and photodynamic
therapy, delivered through nanocarriers for synergistic cell death. Among the
potential candidates for improving drug accumulation at the tumor site,
mesenchymal stromal cells (MSCs) exhibit a significant advantage due to
their tumor-homing ability and intracellular drug retention. This study
evaluates the efficacy of chemo-releasing and photoactive bimodal
nanoparticles, kPCe6 NPs, delivered via MSCs. In vitro analyses show that
cells internalize and retain kPCe6 NPs in a dose-dependent manner and that
kPCe6-loaded cells induce massive tumor cell death in a tridimensional tumor
model. Results from an in vivo orthotopic OS murine model show negligible
tumor cell death upon peritumoral administration of two doses containing 106

loaded cells. To gain insight into this observation, this work investigates the
role of cell dose in treatment efficacy. The results indicate that achieving a
tumor reduction higher than 90% requires a substantial number of loaded
cells, approximately 35% of the entire tumor mass, highlighting the criticality
of the cell dose for the success of this therapeutic approach and its potential
impact on clinical translation in OS patients, particularly when the number of
tumor cells is limited.
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1. Introduction

Osteosarcoma OS) is the most common
type of bone tumor and is characterized
by varying degrees of malignancy.[1,2] High-
grade OS (HGOS) is the most aggressive
subtype with a favorable outcome only in
60–65% of patients who are under 40 years
old with localized and nonmetastatic dis-
ease at clinical presentation.[3,4] Despite this
subset of HGOS, patients may benefit from
multiagents neoadjuvant chemotherapy;[5,6]

the suboptimal response to drugs leads to
tumor recurrence, which, in most cases,
progresses to the development of lung
metastases within the first 24–36 months
from diagnosis.[7]

One option to improve OS treatment
is the use of nanoformulations combining
different therapeutic techniques, such as
chemo- and photodynamic therapy (PDT),
triggering different cellular responses and
inducing synergistic cell death. Despite the
modest anticancer effectiveness of Taxol,
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i.e., the solvent-based formulation of paclitaxel, in OS patients,[8]

the albumin-based paclitaxel nanoformulation, e.g., Abraxane,
demonstrated superior clinical safety and efficacy in different
solid tumors, thus unlocking novel therapeutic options for OS
treatment.[9] A phase II clinical trial is currently ongoing to assess
whether the combination of Abraxane with gemcitabine can pre-
vent the formation or growth of tumors in patients with relapsed
or refractory OS and other solid tumors (http://clinicaltrials.gov/
show/NCT02945800) (Figure 1).
Driven by these concepts, we generated a bimodal system com-

bining chemo and photo therapies within biodegradable keratin
nanocarriers.[10] This nanoformulation, loaded with both pacli-
taxel (PTX) and Chlorin e6 (Ce6) (chemo-photo NPs, Figure 1)
induced a 78% tumor reduction in a preclinical orthotopic OS
model[11] when injected peritumorally. However, this study high-
lighted that this bimodal strategy might be insufficient to retain
the drugs at the tumor site for more than 24 h after the adminis-
tration and that the photosensitizer rapidly diffuses into the sur-
rounding healthy tissues, probably due to the lack of a retention
system, inducing an undesirable level of inflammation.
In recent years, numerous cancer-targeting methods have

emerged, including passively targeted nanocarriers and actively
targeted therapeutics, e.g., antibody-drug conjugates (ADCs).
However, the primary mechanism of their tumor accumulation
relies on the enhanced permeability and retention (EPR) effect
for nanocarriers and the selective recognition of surface recep-
tors for ADCs. Nevertheless, the abundant stroma in some tumor
types, such as OS, significantly impedes the uptake of nanocarri-
ers and the binding of ADCs.[12] Consequently, there is a growing
interest in exploring cancer-targeting approaches that are inde-
pendent of these pathways and can effectively penetrate the tu-
mor stroma.
Among these options, the use of cellular vehicles such as autol-

ogous cells isolated from different tissues, including mesenchy-
mal stromal cells (MSCs), has gathered increasing attention [12–14]

to improve the drug targeting and retention at the tumor site
while reducing the side effects due to uncontrolled drug diffu-
sion. Pioneered by Studeny,[15] MSCs have emerged as promising
carriers of drugs, reducing their systemic toxicity and multi-drug
resistance (MDR) by controlling their release to specific tissues
thanks to theMSCs’ tumor homing ability.[16–18] More than a hun-
dred papers have been published where the authors leveraged the
tropism of MSCs toward tumor stroma for the targeted delivery
of a diverse range of agents, enabling the selective eradication of
tumor cells. This strategy has been used also to target bone sarco-
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mas; for example, Grisendi and co-authors used MSCs to deliver
tumor necrosis factor-related apoptosis-inducing ligand (MSCs-
TRAIL) to different sarcoma histotypes. When 106 MSCs-TRAIL
were injected into a xenotransplants model of Ewing sarcoma,
MSCs-TRAIL persisted within the stroma causing significant tu-
mor apoptosis versus control groups.[19] In another study, Qiao
and co-authors used MSCs transfected with adenoviruses car-
rying the OPG gene (MSCs-OPG) and injected 106 MSCs-OPG
to treat athymic nude mice (nu/nu) bearing OS. Their results
showed that infected MSCs-OPG labeled with red fluorescent
protein (RFP) could migrate to tumor sites and express the OPG
protein. The treatment by MSCs-OPG reduced the tumor growth
and inhibited bone destruction in vivo.[20]

We therefore explored whether MSCs could efficiently act
as cellular vehicles of our photoactive nanoparticles (photo-
NPs@MSCs, Figure 1), improving their tumor stroma reten-
tion and decreasing the extent of side effects. In our first study,
photo-NPs@MSCs showed distribution and retention inside the
lysosomal compartments for several days, thus allowing PDT to
be repeated multiple times in vitro with no need of additional
administration.[16] In a more recent study, we used a subcuta-
neous preclinical murine OS model, demonstrating that intra-
tumorally injected photo-NPs are retained within the tumor area
when delivered via MSCs[21] with consequent significant tumor
reduction. Evident skin toxicity was observed only in the photo-
NPs-treated groups, indicating that MSCs allow better accumu-
lation in the tumor while reducing the extent of side effects.
In the current study, we aim to test the effectiveness of our

chemo-photo bimodal NPs system delivered via MSCs, e.g.,
kPCe6@MSCs (chemo-photo NPs@MSCs, Figure 1), in vitro
and in an orthotopic murine OS model. Relying on a specifically
devised tridimensional OSmodel, we finally investigated the role
of the cell dose in the in vivo therapeutic response.

2. Results and Discussion

2.1. Cells Source: MSCs Characterization

To investigate whether MSCs can be effective carriers of kPCe6
NPs[11] for the in vivo treatment of OS while also envisioning a
clinical translation of our combined approach, we used strictly
defined procedures for bone marrow (BM) withdrawal,[22] MSCs
isolation, and expansion[21,23] to establish the best MSCs lines
among five donor patients. In agreement with the International
Society for Cellular Therapy (ISCT) that set the minimal criteria
to define multipotent MSCs,[24–26] the five cell lines were tested
for their plastic adherence, positive expression of CD90 and
CD73, and negative expression of hematopoietic and endothelial
markers CD14, CD31, CD34, and CD45. Furthermore, the in
vitro differentiation into adipocyte, chondrocyte, and osteoblast
lineages was determined. The results shown in Figure 2 report
the data of proliferation (growth curves, Figure 2A), clono-
genic potential (before and after density gradient separation,
Figure 2B), immunophenotype (Figure 2C), and multilineage
potential (Figure 2D–F). A score system was then applied on the
collected data to rank the cell lines according to their computed
performance. The MSCs line 266 obtained the highest outcome
with a cumulative score of 59 and therefore was selected for
our study (Table S1, Supporting Information). This quantitative
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Figure 1. Graphical representation of the rationale and the results that steered our strategy over time leading to the current work.

Figure 2. MSCscharacterization. The graphs show data related to the characterization analyses performed on five different MSCs lines. In all graphs,
the number of the cell line and the patient gender (M/F) are reported. A) Growth curve expansion (cell number/passage). B) Colony forming unit
(CFU) assay to evaluate cell concentration before and after Ficoll plaque’ separation. C) immunophenotype; D–F) multilineage differentiation capacity:
osteogenic, adipogenic, and chondrogenic differentiation, respectively. In graphs B,D–F, in blue 5th and 95th percentiles are reported, while in red 25th,
75th percentiles, and median, obtained from the analyses of characterization data from our MSCs bank. In graph C in red 25th, 75th percentiles, and
median obtained from the analyses of characterization data from our MSCs bank are reported. The CD90 expression is comparable for all the cell lines
analyzed.
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Figure 3. Cell loading and retention: characterization of kPCe6 NPs internalization into MSCs. A) IC50 evaluation on MSCs after exposure to PTX alone
(black square) or kPCe6 NPs (red triangle). B) The bar graph shows the quantification over time of Ce6 positive cells normalized to the total number
of analyzed cells at time 0 (the end of 24 h loading phase), 2 and 6 days after. C) Representative confocal images of MSCs loaded for 24 h with kPCe6
NPs PT at [PTX]equ = 5 μg mL−1 and incubated for 10 min with Lysotracker DND-26 (green) and Hoechst (blue). The fluorescence of Ce6 is shown in
red, while the yellow color corresponds to the overlapping signals between Lysotracker and Ce6 in the merge column. The acquisition was performed at
time 0 (the end of 24 h loading phase), 2, and 6 days after. Scale bar 20 μm. D) The bar graph shows the Pearson colocalization coefficient (summarized
signal) calculated on Ce6 over Lysotracker signals in kPCe6@MSCs at time 0 (the end of loading phase), 2, and 6 days after. Results were analyzed
using an unpaired t-test and they were statistically significant at p values < 0.05. (*p-values < 0.05, **p-values < 0.01, ***p-values < 0.001, ****p-values
< 0.0001). Values >0.5 (dotted line) indicate a high probability that pixels of both channels are overlaid. E) The bar graph shows the quantification of
intracellular Ce6 signal in kPCe6@MSC at time 0 (the end of loading phase), 2 and 6 days after normalized for cell area. All statistical analyses were
performed with GraphPad Prism 8 software (GraphPad; San Diego, CA, USA).

selection, based on the comparison with the statistical param-
eters obtained from 28 MSCs lines isolated and cultured with
the same standardized protocol, had the purpose to assess the
three general quality criteria required by FDA and EMA,[27]

e.g., identity, purity, and proliferative capacity against internal
and published reference standards, setting the ground for the
development of GMP grade production and clinical translation.

2.2. Cell Loading and Retention: Characterization of Keratin NPs
Internalization Into MSCs

In the present study, we used MSCs as cellular vehicles of
biodegradable keratin nanocarriers, loaded with both PTX and
Chlorin e6 (Ce6), namely kPCe6 NPs, whose physical and
chemical properties had been extensively investigated in our
previous works.[10,11] A key parameter for the success of the
proposed approach is the MSCs’ loading and retention capa-
bility. To establish the cells’ culture conditions allowing the
optimal kPCe6 NPs uptake, different loading time and culture
media were tested and, to quantify the efficiency of intracellular

internalization,[28] the intrinsic fluorescence of Ce6 was used as
a readout. Considering that serum proteins play an important
role in NPs internalization, different loading time and culture
media formulations were tested. An optimization study allowed
to establish 24 h as the best-performing time (data not shown) to
obtain the highest kPCe6 NPs cell uptake and retention. To deter-
mine the most suitable cell culture medium for the dilution and
kPCe6 NPs uptake, two culture conditions were tested, 𝛼-MEM
supplemented with either 20% FBS or 0.2% BSA (Figure S1,
Supporting Information). Our results demonstrated a significant
increase in kPCe6 NPs cellular internalization when using 0.2%
BSA with respect to cell culture medium supplemented with
20% FBS (Figure S1, Supporting Information). Therefore, the
internalization step in MSCs for the whole study was performed
under 0.2% BSA condition.
Cellular viability was measured to verify that the NPs internal-

ization did not significantly alter the cells’ metabolic activity. Our
findings indicate that the viability of cells exposed to increasing
concentrations of PTX loaded into kPCe6 NPs was less affected
compared to cells exposed to the same concentration of the free
drug (Figure 3A). For kPCe6 NPs, a 40% viability reduction was
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observed only at the highest tested PTX concentration ([PTX]equ:
50 μg mL−1).
Based on these results, we exposed MSCs to a concentration

of [PTX]equ 5 μg mL−1 (corresponding to [kPCe6] = 38.5 μg mL−1

and [Ce6] = 2.5 μg mL−1) in all the following experiments.
The ability of MSCs to retain the NPs over time was quanti-

tatively estimated by intracellular fluorescence measurement of
Ce6, demonstrating that 100% of Ce6 was retained up to 2 days
after loading, and 75%was still present at day 6 (Figure 3B). Con-
focal imaging confirmed these results revealing that the Ce6 sig-
nal significantly colocalized with the Lysotracker signal arranged
in vesicle-like structures diffused around the nuclei and in the cy-
tosol (Figure 3C), as also corroborated by transmission electron
microscopy (TEM) analysis (Figure S2, Supporting Information).
The quantitative analysis of overlapping red and green channel
pixels (Ce6 over Lysotracker, respectively), as verified by the Pear-
son coefficient (Figure 3D), indicated a peak of colocalization at
the end of the loading phase (24 h), which decreased after 2 days
but remained constant up to 6 days.
The reduced colocalization over time could be ascribed to

a reshuffling of the NPs inside the different intracellular
compartments,[29] or to the enzymatic degradation of the NPs
inside the lysosomes (Lysotracker positive vesicles) with conse-
quent release of Ce6 and PTX inside the cells, as already reported
for other protein-based nanocarriers.[30] Release of Ce6 in the
acidic organelles can induce a decrease of Ce6 fluorescence inten-
sity signals due to the lower quantum yield of Ce6 fluorescence at
lower pH.[31] Furthermore, the quantification of the cell area en-
dowed by the Ce6 signal over time shown in Figure 3E confirms
its intracellular retention, and the signal’s oscillationsmay reflect
the trafficking of Ce6 inside the cell and/or its release from the
keratin over time.
Overall, these results confirm the role of MSCs to sequestrate

the NPs inside their endocytic compartments delaying the unde-
sired diffusion of the drugs and improving the retention of the
therapeutic agents at the tumor site. The utilization of NPs for
loading chemotherapeutic drugs effectively protects MSCs from
direct interaction with toxic drugs, and formation of efflux trans-
porters on MSCs. They create a “cellular drug depot” releasing
the drug over a period longer than 24 h.[32]

2.3. Cell Migration Performance: Impact of kPCe6 NPs on MSCs
Motility

Loading drugs into MSCs can potentially decrease their migra-
tory capacity. Therefore, it is essential to carefully consider this
effect when establishing the optimal number of cells to be used
and selecting the most suitable administration modality. For in-
stance, intravenous versus intra- or peritumoral administration
routes can impact the ability of cells to reach the tumor mass.
Therefore, themigration property of kPCe6@MSCs was firstly

investigated through the Transwell assay, testing two distinct
chemoattractant media: the MG-63 conditioned medium (CM)
and the cell culturemedium supplementedwith 20%FBS, widely
reported as a positive control for cells migration.[33] Results show
that, compared to unloaded MSCs, kPCe6@MSCs preserved a
50% migration ability upon NPs internalization (Figure 4A,B).
Importantly, kPCe6@MSCs are still able to recognize the stimuli
released by the tumor cells and preferentially migrate toward the

tumor-released chemoattractant molecules (Figure S3, Support-
ing Information). Overall, these data confirm the tumor tropism
of MSCs toward OS cells.
To further investigate the cellularmigration uponNPs loading,

a scratch wound-healing assay was performed on kPCe6@MSCs
and compared to unloaded MSCs (Figure 4C). The results high-
light that at 48 h postscratch, the kPCe6@MSCs closed 50% of
the wound (p = 0.0276), while unloaded MSCs covered the en-
tire area within the same time frame (8± 2% remaining area after
48 h, Figure 3D). This result supports that, despite being partially
diminished, kPCe6@MSC migration capability is preserved.

2.4. OS in Vitro Model: Efficacy of kPCe6@MSCs in 3D
Osteosarcoma Model

To investigate the in vitro efficacy of our MSCs-based system, we
generated a 3D scaffold-free OS tumor model (3D-OSM) cocul-
turing MG-63 OS cells and kPCe6@MSCs (Figure 5A).
The MG-63 cell line was selected based on our previous

findings on three different OS cells (MG-63, SaOS-2, and U-
2 OS), indicating that only MG-63 are capable of developing
reproducible, homogeneous and viable three-dimensional (3D)
scaffold-free tumor spheroids.[21] To investigate the effect of the
kPCe6@MSCs/MG-63 ratio on cell death and eventually select
the best-performing conditions for in vivo studies, we used two
different kPCe6@MSCs doses keeping fixed the number of tu-
mor cells: 3170 and 1360 kPCe6@MSCs versus 9500 MG-63
cells, respectively.
To verify that the starting metabolic activity baseline was the

same in all tested settings, regardless of the different cellular
compositions of the 3D-OSM model, we measured the ATP con-
tent (Figure S4A, Supporting Information). Our results show
no significant difference between the two MSCs doses tested
(3160 and 1370, respectively) (Figure S4A, Supporting Informa-
tion −PDT). TEM and ATP content analyses also confirmed that
exposure to light irradiation does not alter cell metabolism on the
3D-OSM composed of unloaded MSCs at all tested conditions
(Figure S4, Supporting Information). These controls were essen-
tial to unambiguously measure the tumor cell death upon our
chemo and photo therapeutic treatment.
PTX efficacy was preliminarily evaluated by measuring the cy-

totoxicity of kPCe6@MSCs in the dark up to 5 days after 3D-
OSM formation, at the two different kPCe6@MSCs concentra-
tions (3170 and 1360, respectively). The results show a 50–60%
cell viability reduction up to 4 days in both cases (Figure S5, Sup-
porting Information), indicating that light irradiation could be
suitably performed at this timepoint. A timeline of the assay and
the conditions tested are summarized in Figure 5A.
The OS cells and MSCs death was analyzed by ATP quantifi-

cation on 3D-OSM 24 h after light irradiation (LED light at 667
± 3 nm for 10 min, light intensity: 198 mW cm−2; fluence: 120
J cm−2) or keeping the samples in the dark. In nonirradiated
samples (Figure 5B −PDT), we measured a 40% and a 20% re-
duction in cell viability for the 3170/9500 and the 1360/9500 ra-
tio, respectively. The combination of chemo- and PDT induced
90% and 80% cell death at the two ratios tested, respectively
(Figure 5B+PDT). Confocal microscopy (Figure 5C) and TEM
images (Figure 5D) highlight the massive consequent necrosis
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Figure 4. Impact of kPCe6 NPs on MSCs migration. A) Representative images of Transwell assay performed with kPCe6@MSCs at [PTX]equ 5 μg mL−1.
The assay was performed in two distinct conditions, medium supplemented with 20% FBS or MG-63 conditioned medium (CM), both used as chemoat-
tractant. Scale bar 50 μm. B) The graph reports the quantification of the cell migration obtained from cell counting in 10 random fields of each Transwell
basket compared to unloaded cells (N = 3 independent experiments, n = 3 replicates). C) Representative images of scratch assay test performed on
kPCe6@MSCs and MSCs observed at the indicated time points. Scale bar 50 μm. D) The graph reports the quantification of wound area (mean ± SD)
from the images of the scratch assay (N = 3 independent experiments, n = 3 replicates) normalized to control group. Results were analyzed using an
unpaired t-test and they were statistically significant at p values < 0.05 (*p-values < 0.05). All statistical analyses were performed with GraphPad Prism
8 software (GraphPad).

inside the 3D-OSM (red cells in Figure 5C +PDT and yellow
asterisk, Figure 5D +PDT). These findings are especially sig-
nificant when considering the potential impact of MSCs on tu-
mor progression.[34] Indeed, our approach successfully eradicates
both MSCs and tumor cells upon light irradiation, effectively
eliminating any potential contribution ofMSCs to tumor growth.

2.5. Preclinical Evaluation: Efficacy of kPCe6@MSCs in
Orthotopic Murine Osteosarcoma Model

Given the rarity and significant heterogeneity of OS, along with
the challenges associated with recruiting an adequate patient
population for clinical trials,[35] it becomes essential to optimize
preclinical research models.
Although subcutaneous OS tumors are widely diffused due to

their feasibility, reproducibility, and ease of monitoring, we rea-
soned that an orthotopic OS murine model, despite more chal-
lenging, could have provided a more physiological indication in
view of clinical translation.
Therefore, the in vivo experimentation was performed in an

OS orthotopic murine model previously optimized and charac-
terized by our team and that well recapitulates the hallmarks of
the humanOS.[11] We then established the following parameters:
cells number, cells administration route, and treatment schedule.
The inclusion of live cells increases the complexity of the treat-

ment from the perspective of the “dose” of cells to be injected.

Several preclinical studies have shown that the relationship be-
tween cell dose and clinical benefits are not always linear.[36–38]

Therefore, we decided to start from a number of cells (106 loaded
MSCs) previously used by our team [21] and corroborated by other
authors in the same field.[19,20]

Regarding the administration route, published data report two
options: systemic and local. Unless properly engineered, MSCs
administered through intravenous route are mainly retained into
the lungs,[39,40] whereas other types of systemic administration,
such as intra-arterial or intraportal, require invasive surgical in-
terventions and have proved effective in treating only tumors of
first-pass organs.[12] Therefore, we opted for a local peritumoral
injection, 5 weeks after intratibial tumor cells inoculation.
To establish the treatment schedule, we investigated the Ce6

localization by means of confocal imaging exploiting both its flu-
orescence intensity and lifetime in animals euthanized imme-
diately after (0 h) or 48 h after cells injection (Figure 6). Confo-
cal images highlighted that kPCe6@MSCs retain the nanoparti-
cles even after 48 h from the local injection (Figure 6A). Spec-
tral imaging was also performed to discriminate Ce6 signal from
tissue autofluorescence, showing that at both time points, the
signal observed is specific for Ce6 (Figure 6B). Moreover, tak-
ing advantage of the high sensitivity of the fluorophore to the
local environment, fluorescence lifetime imaging (FLIM) analy-
sis on Ce6 was performed (Figure 6C). The average fluorescence
lifetime did not change with the exposure time, confirming the
intracellular retention of NPs in similar organelles at both time

Adv. Therap. 2023, 6, 2300045 2300045 (6 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 5. Efficacy of kPCe6@MSCs in OS 3D -OSM. A) Schematic representation of the workflow of 3D-OSM generated with different amount of
kPCe6@MSCs, keeping fixed the number of MG-63. B) The graph shows data obtained by Cell Titer Glo assay performed 24 h after irradiation (−/+PDT)
at two different kPCe6@MSCs doses and MG-63 cells. The results are normalized to the corresponding 3D-OSM generated with unloaded MSCs and
nonirradiated. Data are expressed as mean ± SD (N = 6 and n = 4) and statistical analysis has been performed by GraphPad Prism software using the
2-way ANOVA test, and Tukey’s multiple comparison test as a post-test. Results were considered statistically significant at p values < 0.05. (*p-values
< 0.05, **p-values < 0.01, ***p-values < 0.001, and ****p-values < 0.0001). Data compared to respective unloaded MSCs are reported as *, while the #
indicate the statistical analysis performed comparing the corresponding ratio groups−/+PDT. C) Representative confocal images of Live&Dead staining
(green Calcein AM staining of live cells and red EthD-1 staining of dead cells’ nuclei) of nonirradiated (−PDT) and irradiated (+PDT) 3D-OSM at different
kPCe6@MSCs doses. Scale bar 100 μm. D) Representative TEM images of nonirradiated (−PDT) and irradiated (+PDT) 3D_OSM at 1360 kPCe6@MSCs
dose, where yellow asterisk highlights necrosis. Scale bar 5 μm.

points evaluated (Table S2, Supporting Information). In addition,
the Ce6 fluorescence decay afforded almost identical average life-
times (𝜏av) for kPCe6 NPs

[11] (entries 3 and 4, Table S2, Support-
ing Information) and kPCe6@MSCs (entries 6 and 7, Table S2,
Supporting Information), indicating that Ce6 maintain the same
properties in comparable environments and that NPs do not un-
dergo significant physical or chemical changes in the observed
conditions.
Taking into consideration all of these aspects, the treatment

was performed at weeks 5 and 6, inoculating at both time points
106 kPCe6@MSCs in the tumor area and exposing half of the
animals to light irradiation 48 h later (Figure 7A) by using an in-
house designed and manufactured irradiation device.[11]

As shown in Figure 7B, OS tumor developed inside the tibia
medullar channel, affecting the integrity of the bone and, in some
cases, invading the surrounding tissues (such as muscle) like
in human patients. During the study, none of the treated ani-
mals presented lameness in the hind limbs or worsening of the
clinical conditions, indicating that the treatment was better tol-
erated with respect to the kPCe6 NPs alone which resulted in
severe inflammation.[11] On the other hand, the quantification

performed on the histological sections of euthanized animals at
the end of the treatment (tumor area and number of cells in the
tumor area), did not highlight a significant reduction of the tu-
mor size (Figure 7C), as confirmed by the presence of prolifera-
tive cells (Ki-67 positive cells) and the absence of apoptotic cells
in TUNEL staining (Figure 7D).
Among the factors contributing to this result, we hypothesized

that an insufficient number of kPCe6@MSCs were used to treat
such a large tumor. To verify this assumption, we used our 3D-
OSM to investigate the cell-dose response dependency.

2.6. Numbers Matter: Investigation on Cell Dose Response in
3D-OSM

While animal experimentation remains crucial for clinical trans-
lation, the use of 3D in vitro models has proved effective for the
optimization of several parameters allowing to better define the
experimental conditions, such as cell dose.[41] Therefore, instead
of performing additional trial-and-error in vivo experiments to
identify the number of kPCe6@MSCs which could effectively

Adv. Therap. 2023, 6, 2300045 2300045 (7 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 6. Preclinical evaluation: treatment’s schedule. A) Representative confocal images of samples from mouse injected with kPCe6@MSCs and
euthanized immediately (0 h) or 48 h after treatment: the red signal corresponds to the Ce6 molecule, while nuclei are shown in white. Scale bar 10 μm.
B) Representative spectral profiles of different areas identified in the images A) at both times point (0 and 48 h). Samples were excited at 405 nm. Zero
intensity at 560 and 640 nm is due to dichroic mirror choice. C) Representative figure of FLIM analysis showing the Ce6 signal distribution in the tissue
area right after kPCe6@MSCs inoculation (time 0 h) with the color scale indicating the average lifetime. The blue regions with 𝜏av of around 1 ns are
indicative of Ce6 while the red coloured regions, characterized by a 𝜏av of >2 ns, are indicative of autofluorescence and Hoechst staining in the nuclei.
Scale bar 10 μm.

reduce the tumor size, we performed additional experiments
on our 3D-OSM model (Figure 5A) to test different cell-dose
responses. This valuable information will greatly inform future
in vivo studies.
We hypothesized that the 3160/9500 and 1370/9500

kPCe6@MSCs/OS cells ratios assessed in the in vitro 3D-OSM
experiment (see §3.4) do not reflect the actual in vivo scenario.
To test our hypothesis, we considered a kPCe6@MSCs/OS cells
ratios of 630, 500 and 245/9500 and verified their performances
in the 3D model.
Our results confirmed that stromal cells have a negligible con-

tribution inATP content (Figure S6A, Supporting Information) at
the selected unloaded MSCs doses, and that at all kPCe6@MSCs
doses, the percentage of cell death caused by PTX is insufficient
to affect tumor cell viability. A linear decrease was observed when
reducing the amount of kPCe6@MSCs (Figure 8A −PDT), high-
lighting a striking cell dose-efficacy dependency and emphasiz-
ing a critical dose below which the amount of PTX vehiculated
by MSCs is insufficient to affect tumor cells viability.
Similarly, upon light irradiation (kPCe6@MSCs +PDT,

Figure 8A), the reduction of cell viability linearly decreases with

reducing the kPCe6@MSCs dose, reaching a 20% reduction at
the lowest dose (245/9500).
The cell viability was further evaluated via confocal imag-

ing performed on the whole 3D-OSMs, either exposed to light
irradiation or kept in the dark. Confocal images of Calcein
AM/Ethidium homodimer staining confirm aminimal cell death
due to PTX activity (red cells) at all doses tested with higher effi-
cacy upon light irradiation (Figure 8B).
To further investigate the effect of PTX and PDT on the

3D-OSM, ultrastructural analysis was performed (−/+ PDT,
Figure 8C). TEM observations revealed two different types of
cell death in the 3D-OSMs with different kPCe6@MSCs. Com-
pared to controls with unloaded MSCs where cell morphology
was not altered (Figure S6B, Supporting Information), in PDT-
treated kPCe6@MSCs samples necrosis (asterisks), cytoplasmic
swelling, and organelle destruction was observed in all the con-
ditions. Interestingly, irradiated 3D-OSMs revealed the presence
of atypical morphological alterations not strictly ascribable to au-
tophagy, apoptosis, or necrosis. An increase of damaged cellular
structures characterized by cellular shrinkage, cytoplasmic vac-
uolization (V), and pyknotic nuclei with clumping of chromatin

Adv. Therap. 2023, 6, 2300045 2300045 (8 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 7. Preclinical evaluation: efficacy of kPCe6@MSCs in orthotopic murine OS model. A) Schematic representation of the workflow of the in vivo
experimentation; B) Representative H&E-stained paraffin sections from tibia explants of animals from control groups (D-PBS −/+ PDT) and treatment
groups (kPCe6@MSCs −/+ PDT). C) The graphs show the quantification of tumor area and tumor cell number, respectively, performed with QuPath
software. Data are expressed as the mean ± SD. D) Representative paraffin sections from tibia explants of animal kPCe6@MSCs from control groups
(D-PBS −/+ PDT) and treatment groups (kPCe6@MSCs −/+ PDT) stained with the following markers: H&E, Ki-67 and TUNEL.

Adv. Therap. 2023, 6, 2300045 2300045 (9 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 8. Numbers matter: Cell dose response in a 3D-OSM. A) The graph shows the Cell Titer Glo assay performed 24 h after irradiation (−/+PDT) at
three different doses of kPCe6@MSCs (630, 500 and 245 cells) keeping fixed the number of MG-63 cells. The results are normalized to the corresponding
3D-OSM generated with unloaded MSCs and nonirradiated. Data, performed by GraphPad Prism 8 software, are expressed as mean ± SD (N = 6
and n = 4) and statistical analysis has been generated using the 2-way ANOVA test, and Tukey’s multiple comparison test as a post-test. Results
were considered statistically significant at p values < 0.05 (*p-values < 0.05, **p-values < 0.01, ***p-values < 0.001, and ****p-values < 0.0001). Data
compared to respective unloaded MSCs are reported as *, while the # indicate the statistical analysis performed comparing the corresponding ratio
groups −/+PDT; B) Representative confocal images of Live&Dead staining (green Calcein AM staining of live cells and red EthD-1 staining of dead cells’
nuclei) of nonirradiated (−PDT) and irradiated (+PDT) spheroids at different kPCe6@MSC doses. Scale bar 100 μm. C) Representative TEM images of
nonirradiated (−PDT) and irradiated (+PDT) spheroids at different kPCe6@MSCs doses. Asterisks, V, and arrow heads highlight necrosis, cytoplasmic
vacuolization, and chromatin clumping, respectively. Scale bar 5 μm.

(arrow heads) was observed. The results obtained in the OS 3D
in vitro model prove a cell-dose response as a critical parameter
to be considered for preclinical and clinical applications.

3. Conclusion

In this study, we investigated crucial aspects of the MSCs-based
delivery strategy, including uptake and retention ability, as well
as cell migration capability when loaded with kPCe6 NPs. Al-
though the in vitro results showed promise, the impact observed
in an orthotopic preclinical murine OS model was negligible.
This prompted us to explore the relationship between cell dosage
and antitumor response in a 3D OS in vitro system, before pro-
ceeding with additional preclinical in vivo validation.
The outcomes obtained from the 3D model emphasized the

significance of the number of kPCe6@MSCs utilized for treat-
ment. Our findings strongly suggest that to achieve a tumor
reduction exceeding 90%, it is necessary to inject a number
of kPCe6@MSCs that is approximately 35% of the total tumor
mass.
Considering that OS is often diagnosed at an advanced stage

with a large tumor volume, our results indicate that employ-
ing kPCe6@MSCs for primary OS tumor eradication poses chal-
lenges, including the production of a substantial number of cells
under Good Manufacturing Practices (GMP), which is currently
costly and difficult to achieve with available technologies.
Up until June 2021, over a thousand clinical trials incorpo-

rating MSCs-based cell therapies for various diseases had been

registered globally. However, only a limited number, less than a
dozen, have obtained globalmarketing authorization.[42] This gap
is reasonably explained by the challenges and the costs posed by
cell expansion protocols and standardization procedures.
Despite our evidence supporting that kPCe6@MSCs are not

a sustainable option to treat OS primary tumors, kPCe6@MSCs
could represent a valuable approachwhen the number of OS cells
is limited, such as in case of small OS lung metastases or when
the remaining tissue after surgical excision needs to be further
cleared to reduce OS recurrence.
In conclusion, our work has defined important aspects related

to MSCs as cellular vehicles of drugs loaded nanoformulations,
possibly inspiring other researchers to pursue this therapeutic
approach under different conditions.

4. Experimental Section
Reagents: Mc Coy’s medium, Dulbecco’s Modified Eagle’s Medium

– High Glucose (DMEM-HG), Dulbecco’s modified Phosphate buffer
solution (D-PBS), TryPLE select, Fetal Bovine Serum (FBS), Gluta-
MAX, penicillin/streptomycin (P/S), TUNEL assay kit, Hoechst 33342,
LIVE/DEAD, ProLong Diamond Antifade Mountant, were purchased by
Life Technologies-Thermo Fisher Scientific (Waltham, MA USA).

Paclitaxel was purchased by TCI-Europe (Zwijndrecht, Belgium).
Chlorin-e6 was purchased from Livchem Logistics GmbH (Frankfurt am
Main, Germany).

Isolation, Expansion, and Characterization of Human Mesenchymal Stro-
mal Cells (MSCs): Human MSCs have been isolated from BM samples

Adv. Therap. 2023, 6, 2300045 2300045 (10 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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obtained from five different patients undergoing surgery at Rizzoli Or-
thopedic Institute (Bologna, Italy), after patient’s informed consent,
according to the protocol approved by the local ethical committee
(n.0029817/2015, 03rd September 2015). BM aspirate was diluted one
to one using D-PBS, and 4 mL were stratified on 3 mL of Ficoll Paque
1.078 g mL−1 (GE-healthcare, Chicago, Illinois, USA). After the centrifuga-
tion, plasma and mononuclear cells were transferred to a new tube, and
cells were counted using nucleocounter device (Chemometec, Allerod,
Denmark). Mononuclear cells were then seeded in plastic flasks (Corn-
ing, Glendale, Arizona, USA) at a density of 4 × 105 cells cm−2, chang-
ing medium twice a week up to 70% confluency. MSCs were expanded
in complete medium (CM), consisting of 𝛼-MEM (Lonza Group LTD,
Basel, CH) supplemented with 20% of fetal bovine serum (FBS) and
1% GlutaMax. At 60–70% confluency, cells were washed once with D-
PBS and then detached using TryPLe Select for 3 min at 37%. The cel-
lular suspension was centrifuged at 1500 rpm for 3 min, and the cell
pellet was resuspended in CM and counted using nucleocounter device
(Chemometec, DN). The cells were seeded at 2 × 103 cells cm−2 density
and expanded until passage 10. Cells at passages p3-p6 were used for all
experiments.

Complete characterization in terms of proliferation rate (growth curve),
fibroblast-colony forming unit (CFU) efficiency, immunophenotypic pro-
file, and trilineage-differentiation potential of each MSCs line was per-
formed as indicated in our previous study.[21]

Statistical parameters (median 25th and 75th percentiles), originating
from the lab’s database of characterization data from 28 MSCs lines, were
used as criteria to set a score system for expansion and differentiation per-
formances of the five MSCs isolated lines: 0 points for results below the
5th percentile, 2 points for results between the 5th percentile and the 25th,
4 points for results between 25th percentile and the median, 6 points for
results between the median and the 75th percentile, 8 points for results
between the 75th percentile and the 95th percentile, and 10 points for re-
sults above the 95th percentile. Additionally, an immunophenotype score
(1 point for each positive CD≥95% or negative CD≤5%) was set to obtain
a cumulative score system to rank the quality of the isolated MSCs lines.

HumanOSCell Lines: In the present work, two different oOS cell lines,
purchased from ATCC (Manassas, VA, USA), were used: MG-63 for in vitro
experiments and Saos-2 for orthotopic murine OS model.

MG-63 (ATCC-CRL-1427) were cultured in DMEM-HG supplemented
with 10% FBS and 1%GlutaMAX. The medium was changed twice a week,
and when cells reached 60–70% of confluence, they were expanded for
further passaging.

Saos-2 (HTB-85) were cultured in McCoy’s medium containing 15% of
FBS and 1%GlutaMAX at 37 °C in a humidified atmosphere with 5% CO2.
The medium was changed twice a week, and when cells reached 70–80%
of confluence, they were expanded for further passaging.

Preparation and Characterization of kPCe6 NPs: kPCe6 NPs were
obtained by the drug-induced aggregation method as previously
described.[10,11] Briefly, a PBS solution of keratin covalently functionalized
with Ce6, e.g. ker-Ce6,[43] and pristine keratin was prepared to a final Ce6
concentration of 40 μg mgker

−1 and a final keratin concentration of 5 mg
mL−1. A solution of PTX (10% wPTX/wker) in ethanol (10 mg mL−1) was
then slowly added (0.3 mL min−1) via a syringe pump under vigorous stir-
ring (600 rpm). The solution was then stirred for 1 h, checked by dynamic
light scattering, and lyophilized to obtain a powder of kPCe6.

kPCe6 NPs were characterized in terms of hydrodynamic diame-
ter and zeta potential using a NanoBrook Omni Particle Size Analyzer
(Brookhaven Instruments Corporation, New York, NY, USA) equipped with
a 35 mW red diode laser (nominal 640 nm wavelength).

Cytotoxicity Assay: MSCs were seeded in a 96-well plate in complete
medium at the concentration of 5 × 103 cells per well and left to adhere
overnight. The following day, medium was replaced with 𝛼-MEM + 0.2%
BSA supplemented with increasing concentration of kPCe6 ([PTX]equ: 0.5
pgmL−1 – 50 μgmL−1) for 72 h. In the end, the medium was removed, the
monolayer culture was washed twice with D-PBS, and cell viability was as-
sessed using WST-1 assay (Roche, Basel, CH) following the manufacturer
protocol. Briefly, a working solution of complete medium supplemented
with 10%WST-1 wasmade, and 100 μL of the obtained solution was added

to each well. The plate was incubated for 2 h at 37 °C at 5% CO2, then the
optical density of each well was measured by a microplate reader (Synergy
HT, BioTek Winooski, VT, USA) set at 450 nm with the correction wave-
length set at 690 nm.

MSCs Loading with kPCe6 NPs: MSCs were seeded in complete
medium on multiwell plates at the density of 1.6–2 × 104 cells cm−2 to al-
low cell attachment. The day after, kPCe6 NPs were dissolved in H2O and
sonicated for 5 min to improve their uniform dispersion. After medium re-
moval, the cell monolayer was washed twice with D-PBS and kPCe6 NPs,
diluted at a concentration of [PTX]equ = 5 μg mL−1 (corresponding to a
[NPs]= 38.46 μg mL−1 and [Ce6]= 2.5 μgmL−1) in 𝛼-MEM supplemented
with 0.2% Bovine Serum Albumin (BSA, Merck Millipore, Darmstadt, Ger-
many), or 20% FBS (Figure S1, Supporting Information) were added. After
24 h in the dark at 37 °C and 5% CO2 (loading phase), the medium was
removed, and cells were gently washed three times with D-PBS, followed
by replenishing with fresh medium.

After NPs exposure, kPCe6@MSCs were gently washed with D-PBS, de-
tached using TryPLe Select for 3 min at 37 °C, and centrifuged at 1500 rpm
for 3min. Cell pellets were resuspended in a small amount of medium and
Ce6 fluorescence intensity (𝜆Ex 662 nm, 𝜆Em 668 nm, in ethanol) was mea-
sured using the automated cell counter Countess II FL (Life Technologies-
Thermo Fisher Scientific, Waltham, MA USA) equipped with EVOS light
cube CY5.5 (Ex: 655/46 nm; Em: 794/160 nm).

Intracellular Localization: Intracellular localization of keratin-based
NPs was evaluated over time by seeding MSCs at 1.6 × 104 cells cm−2

density on a glass Petri dish (Ibidi GmgH, Gräfelfing, Germany) in com-
pletemedium and let to adhere o/n. The following day, themediumwas re-
placed with 𝛼-MEM + 0.2% BSA and kPCe6 NPs at [PTX]equ 5 μg mL−1 for
24 h. At the end of loading time, the medium was removed, the cell mono-
layer washed twice with D-PBS, and new complete medium was added.
At each time point (end of loading, 0, 2, and 6 days after loading), media
was replaced with new CM supplemented with 100 × 10−9 m of lysotracker
DND26 (Thermo Fisher Scientific) and 8.12 × 10−6 m of Hoechst 33 342
(Thermo Fisher Scientific), incubated at 37 °C for 10 min, and the samples
were analyzed. Images were taken at highmagnification with a NIKON A1-
R confocal laser scanning microscope equipped with a NIKON Plan Apo
60× oil DICN2, 1.4 NA objective lens, and 405, 488, and 646 nm laser lines
to excite Hoechst (405 nm), DND26 (488 nm), and Chlorin e6 (646 nm)
fluorescence signals. The emission signals were detected by a photomulti-
plier tube (DU4) preceded by emission filters BP 450/50, 525/50 nm, and
BP 595/50 nm for Hoechst, DND26, and Chlorin e6, respectively.

Three different confocal images for each time point were used for the
colocalization analysis of Ce6 over Lysotracker DND-26. The analysis was
performed using the Fiji/ImageJ Colocalization Threshold plug-in, and
Pearson’s correlation coefficient values were generated and used for the
statistical analysis.

In Vitro Migration Assays: Transwell assay: The migration of unloaded
MSCs and kPCe6@MSCs was assessed using the Boyden chamber tech-
nique. Cell culture inserts for a 24-well plate with 8 μm pore diame-
ter were used (Millipore, Darmstadt, Germany). An aliquot of 1.5 × 104

unloaded or kPCe6@MSCs was resuspended in 100 μL of 𝛼-MEM with
0.2% BSA and placed in the upper part of the Boyden chamber. The
lower well was filled with 600 μL of 𝛼-MEM + 0.2% BSA, as negative
ctrl, or 𝛼-MEM + 20% FBS (positive ctrl) or MG-63 CM (MG-63 CM),
known as two distinct chemo-attractant solutions. After overnight in-
cubation, the medium in the lower chamber was discarded, and the
cells at the bottom of the membrane were fixed in methanol for 5 min
at RT, then Hema 3 kit staining was used to stain cells according to
the manufacturer’s instruction (Fisher HealthCare, Thermo Fisher Sci-
entific). For each sample, 10 images were acquired at 20x objective
using an inverted Nikon Eclipse TE2000-U microscope (Nikon, Ams-
terdam, The Netherlands), and cell nuclei were counted by two inde-
pendent researchers and averaged. All experiments were performed in
triplicates.

To prepare the CM, MG-63 were seeded in DMEM-10% FBS on flasks
and grown until 80–90% of confluence; then, the medium was discarded,
cell monolayer washed twice with D-PBS to remove all serum residues,
and the medium was replaced with DMEM-HG supplemented with 0.2%

Adv. Therap. 2023, 6, 2300045 2300045 (11 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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BSA for 72 h. At the end medium was collected, centrifuged at 1500 rpm
for 3 min to eliminate all cell debris, and stored at −30 °C until use.

Scratch assay: For the scratch assay, unloaded and kPCe6@MSCs were
seeded at the density of 7.5 × 103 cell cm−2 inside both wells of the Ibidi
inserts (Culture-insert 2 well, Ibidi GmgH) and let adhere overnight. The
day after, themediumwas removed, cell monolayer was washed twice with
D-PBS to remove all serum traces, and the medium (𝛼-MEM+0.2% BSA)
supplemented with kPCe6 NPs ([PTX]equ 5 μg mL−1), was added for 24 h.
At the end of the loading phase, the medium was removed, the cells were
washed with D-PBS, and the IBIDI inserts were discarded. Images were
acquired at time 0 and after 18, 24 and 48 h. Images were taken using a
4× objective lens and analyzed using Fiji/ImageJ by calculating the empty
wound area (scratched area) at different time points, converting then the
pixel area in percentage normalized to the time 0 (100%) of the control
condition (unloaded MSCs).

In Vivo Experimentation and Analyses: Animals were housed according
to the D.L.vo 26/2014, Directive 2010/63/EU, for the protection of animals
used for scientific purposes and 2007/526/EC (recommendation for the
accommodation and care of animals used for experimental and other sci-
entific purposes). All animal operations were approved by the local Ethical
Committee (00 24712/2015, 9th July 2015) and by the Animal Welfare Body
(30th July 2015) of IRCCS Istituto Ortopedico Rizzoli and authorized by the
Italian Ministry of Health (1271/2015-PR, 15th December 2015). The or-
thotopic murine OSmodel was developed in six-week-old male nude mice
(BALB/c, nu/nu; Envigo RMS S.r.l., Azzida San Pietro Natisone, Udine,
Italia) as previously described.[11] Briefly, an 18 G needle aligned perpen-
dicularly to the tibial plate was introduced bending the knee of each nude
mouse to 90° to reach the medullar channel and used as trocar for the
Hamilton syringe loaded with a 26 G needle to inject 10 × 106 Saos-2 cells
resuspended in 50 μL of D-PBS. Tumor was induced on both tibias. Animal
weight measurement was performed and recorded weekly; animal clinical
conditions were checked daily to monitor their wellbeing. For the efficacy
study, 34 mice were used: 13 animals in the control group and 21 in the
treatment group. After 5 weeks from the tumor inoculation, the animals
included in the treatment groups were treated with 106 kPCe6@MSCs,
previously resuspended in 50 μL of D-PBS, inoculated with an insulin sy-
ringe by two small shots close to the tibia’s proximal epiphysis. Forty-eight
hours after treatment, half of the treated animals were exposed to LED
light irradiation (irradiated group, + PDT). A LED device was designed
and manufactured in-house as previously described.[11] Briefly, the device
is equipped with LED lights (LZ4-00R208 Deep Red, 660 ± 2 nm; 6.6 W;
light intensity 93.3 mW cm−2 at 670 nm, Mouser Electronics, Mansfield,
TX, USA) topped with two heating dissipators and two black cylinders to
focus the light on the hind leg’s area and spare the rest of the body. In the
in vivo experimentation, the tumor bearing area was irradiated for 15min
keeping the LED light at 1 cm distance from the bottom of the cylinders to
the skin of the mouse leg (Fluence: 84 J cm−2).

All operations, such as cell inoculation and PDT, were performed under
general anesthesia. The anesthesia was induced and maintained with a
mixture of O2/air and isoflurane (2–3%) in spontaneous ventilation using
an induction box and a facial mask and keeping the animals on a warm
pad to avoid hypothermia during the procedures.

Histological Analyses: At the end of experimental time, the animals
were premedicated with intramuscular Rompun (xylazine) injection and
then euthanized by intracardiac Tanax (MSD Animal Health S.r.l., Seg-
rate, Milano, Italy). Tibia explants were collected and fixed for 24 h in 4%
paraformaldehyde, then decalcified in a 4% EDTA solution for 7 days at RT,
changing the solution after 3 days, paraffin embedded, and processed.[11]

Paraffin blocks were sliced with a sledge microtome in 5 μm thickness
slice, following the tibias longitudinal plane in order include the entire
tibia length. Slices were mounted onto Poly-lysine glass slides and stained
with Hematoxylin & Eosin (H&E) according to the anatomical histopathol-
ogy service protocol used (IFOM facility, Milan). H&E slides of all tumors
were reviewed with the help of an expert pathologist, and the histolog-
ical diagnosis was confirmed according to standardized criteria for OS
identification.[4] Tumor area quantification was performed by manual se-
lection from two operators in every H&E image. On the same images, the
cell quantification was performed by selecting five different ROIs of 105

μm2 area within the entire tumor area region, then the nuclei were man-
ually counted using QuPath.[44] The obtained results were averaged and
plotted.

TUNEL assay (Click-iT Tunel colorimetric IHC detection kit) was per-
formed according to the manufacturer’s protocol with the following minor
modifications: proteinase K incubation was settled at 20 min at RT and the
DAB reaction mixture incubation was defined at 15 min.

For immunohistochemical analysis, unstained sections were heat-
treated at 60 °C for 20 min, deparaffinized, and immunostained on a Ven-
tana BenchMark following the manufacturer’s guidelines (Ventana Med-
ical Systems, Tucson, AZ, USA). To analyze the expression of Ki-67, im-
munostaining using a Ki-67 rabbit monoclonal primary antibody (clone
30–9; Ventana) and Avidin–biotin complex peroxidase was performed. All
images were acquired using Aperio Digital Pathology Slide Scanner (Leica
Biosystems, Milano, Italy).

Confocal Laser Scanning Microscopy and Fluorescent Lifetime Imaging:
Paraffin-embedded slices were treated as previously described.[11] Fluo-
rescence confocal imaging was performed with a confocal fluorescence
microscope Nikon A1 (Nikon Co., Shinjuku, Japan) equipped with an
Argon ion CW laser, a 640 nm CW diode laser, 405 nm and 640 nm
pulsed/CW diode lasers (PicoQuant GmbH, Berlin, Germany). Images
were collected using either a Nikon Plan Apo VC 20X air objective with NA
0.8 or a Nikon Plan Apo VC 60X oil immersion objective with NA 1.40. Fil-
ters were set to register the fluorescence in the 460–500 nm, 510–540 nm,
555–615 nm, and 665–735 nm ranges. The Nikon A1 spectral module with
a precisely corrected 32-PMT array detector was used for spectral imaging.
Wavelength resolution was set to 6 nm per PMT.

FLIM was performed as previously described,[11] exciting samples with
the pulsed 405 nm diode laser and collecting photons at 655 nm/40 and
with integrated PicoHarp 300 electronics (PicoQuant GmbH) for time-
correlated single photon counting (TCSPC) measurements. The contri-
bution of Hoechst excitation at 405 nm is negligible at the 635–675 nm
emission range and can be separated from Ce6 emission. Hoechst has
an average fluorescence lifetime of 2.1 ns (measured in the 460–500 nm
range) in the tissues.

The fluorescence decay profile was analyzed with a least-squares
method, using bi- or tri-exponential decay functions provided by Picoquant
SymPho-Time software. Calculated Instrumental Response Function was
used for reconvolution. The average fluorescence lifetime image was cal-
culated by fixing the lifetimes obtained from the analysis of the histogram
of the region of interest while the software calculates the preexponential
factors for each pixel.

The fitting function used is:

I (t) = b + Σjaje
(
−t∕𝜏j

)
(1)

The fractional intensity and the average fluorescence lifetime are calcu-
lated according to the following equations:

fi = ai 𝜏i∕Σjaj𝜏j (2)

𝜏av =
∑
j

fj𝜏j (3)

In Vitro 3D-Scaffold-Free OS Model: The 3D scaffold-free OS model
defined as 3D-OSM was generated by mixing different cell number of un-
loadedMSCs or kPCe6@MSCs (3170, 1360, 630, 500, 245), with theMG63
number fixed at 9500/100 μL (which correspond to the following ratio 1:3,
1:7, 1:15, 1:19, and 1:39). The cell suspension was then dispensed in an ul-
tralow attachment U-bottom 96-well plate, 100 μL per well (Corning Costar,
Amsterdam, The Netherland). The day after 100 μL per well of in DMEM-
HG + 10% FBS was added and allowed to aggregate for 4 days.

In in vitro experiments, 3D-OSMs were irradiated for 10min using a
LED light source (𝜆max = 668± 3 nm) at room temperature, placing light-
emitting source directly under the tissue culture plates (see Figure 7A, light
intensity: 198 mW cm−2; fluence: 120 J cm−2).

Adv. Therap. 2023, 6, 2300045 2300045 (12 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Evaluation of PTX effect: The day after 3D-OSM creation and for the
following 4 days, at least five spheroids per condition has been used to
evaluate the cytotoxic effect of PTX using CellTiter-Glo 3D (Promega Cor-
poration, Madison, Wisconsin, USA), an ATP content–based assay, follow-
ing the manufacturer’s protocol.

Evaluation of PTX and PDT effect: after 4 days from 3D-OSM genera-
tion, the medium was replaced, 3D-OSM moved on an ultra-low attach-
ment 48-well plate, and half of them photoactivated with a LED source
(667 ± 3 nm) for 10 min at RT (for details see 2.11 PDT treatments) and
left at 37 °C 5% CO2 for 24 h. Cell death was evaluated through CellTiter-
Glo 3D (Promega Corporation), an ATP content–based assay, following the
manufacturer’s protocol. Additionally, a LIVE/DEAD (Life Technologies)
staining was performed according to the following protocol: the 3D-OSM
were incubated with 2.5× 10−6 M Calcein-AM in DMEM Phenol Red-free
for 2 h first, then ethidium homodimer-1 (EthD-1) was added to a 5× 10−6

M final concentration for 10min. Z-stacks images, for a total depth of 100–
120 μm, were acquired with an A1R confocal laser scanner (Nikon, Ams-
terdam, The Netherlands) using Nikon Plan Apo VC 20x/0.75 NA DIC N2
objective lens and 3D rendering was performed with NIS elements soft-
ware using the Alpha-blending algorithm.

TEM Analysis: 3D-OSM samples were fixed with 2.5% glutaraldehyde
in 0.1 m cacodylate pH 7.6 buffer for 1 h at room temperature. After post-
fixation with 1% OsO4 in cacodylate buffer for 1 h, samples were dehy-
drated in an ethanol series and embedded in Epon resin. Ultrathin sections
(70 nm) were cut using an ultramicrotome and contrasted with uranyl ac-
etate and lead citrate and observed with a Jeol Jem-1011 transmission elec-
tron microscope (Jeol Jem, USA).

Statistical Analysis: Data presented in this manuscript are expressed
as mean ± S.D. In specific conditions, raw data are normalized versus
controls, e.g., unloaded or untreated cells, as reported in the correspond-
ing legend figure. Results were obtained from at least three independent
experiments (N = 3), and each experiment was performed at least in trip-
licate (n = 3) unless otherwise stated in figure legend.

Unpaired t-test was used to analyze 2D results (Figures 2D,E and 3D
and Figure S1, Supporting Information) and they were statistically signifi-
cant at p values < 0.05. *p-values < 0.05, **p-values < 0.01, ***p-values <
0.001, ****p-values < 0.0001.

Two-way ANOVA followed by Tukey’smultiple comparisons test was ap-
plied to analyze all data resulting from the 3D-OSM model. Results were
statistically significant at p-values <0,05. The statistical analysis was per-
formedwith GraphPad Prism 8 Software (GraphPad; SanDiego, CA, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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