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Simple Summary

Osteosarcoma treatment comprises chemotherapy and surgery, with doxorubicin (DOX)
being a cornerstone among the three chemotherapeutic drugs commonly used for treatment.
The aim of this research was to explore whether intratumoral delivery of DOX in conjunction
with the standard-of-care systemic chemotherapy protocol could be tolerated and further
improve the treatment response in an experimental osteosarcoma model in mice. The results
of this research show that local delivery of DOX, achieved using a ceramic drug delivery
system, led to an increased local treatment response when compared with systemically
administered DOX. It is also demonstrated that the addition of local DOX combined with
systemic chemotherapy was well-tolerated and had improved tumor-impeding effects with
respect to the current chemotherapy protocol. The results of this study open up a potentially
new treatment option for poor responders with this fatal disease.

Abstract

Background/Aim: Osteosarcoma (OS) treatment consists of chemotherapy with methotrex-
ate, adriamycin (doxorubicin) and platinol (MAP) combined with intercalated surgery,
resulting in a 5-year survival rate of 50-60%. We recently demonstrated that local delivery
of doxorubicin via a microparticulate hydroxyapatite-based biomaterial (DASH) could
efficiently impede tumor growth in subcutaneous OS; however, its effect in an orthotopic
intraosseous OS remains unknown, particularly in conjunction with systemic MAP treat-
ment. In this study, we performed two separate mouse model studies with the aim of
(1) evaluating the effect of DASH in an orthotopic osteosarcoma model and (2) evaluating
the efficacy and tolerability of DASH in conjunction with systemically administered MAP in
a subcutaneous osteosarcoma model. Methods: In the first study, 56 mice were inoculated
with human OS cells (i.e., h143B cells) in the proximal tibia. After 10 days, the mice were
divided into seven treatment groups, of which group G2 (systemic DOX) was compared
with groups G5-G7, which were treated with increasing doses of DOX delivered via DASH.
The tumor-impeding response was evaluated via micro-CT (day 14), PET-CT (day 21)
and tumor measurements (post-mortem). In the second study, 45 mice were inoculated
subcutaneously with 143B cells and, 10 days later, groups G2-G5 were treated locally with
increasing DASH doses, followed by two cycles of systemic MAP for all groups. On day
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31, the animals underwent PET-CT examination followed by euthanasia and tumor mea-
surements. Results: In both experiments, DASH treatment resulted in significantly lower
tumor activity, tumor volume and weight. Micro-CT examination in the orthotopic model
demonstrated that DASH treatment protected the bone from osteolysis. The subcutaneous
study revealed that the mice were able to tolerate DASH, even in conjunction with system-
ically administered MAP. Conclusions: Intratumoral administration of DASH impeded
OS growth in both animal models and protected bone against tumor-induced osteolysis.
Furthermore, DASH was well-tolerated when administered in conjunction with systemic
MAP therapy, indicating its potential therapeutic neo-adjuvant value in poor responders.

Keywords: osteosarcoma; biomaterials; local treatment; doxorubicin

1. Introduction

Osteosarcoma (OS) is the most common primary bone malignancy, with an incidence
of one to three per million people worldwide [1]. These tumors occur mainly in the growth
plate of long bones such as the femur, humerus and tibia. The incidence has a bimodal age
distribution with most occurrences being in adolescent years and a second spike occurring
in the elderly, after 60 years of age [2]. In such cases, the disease is often secondary to
Paget’s disease and arises in the axial skeleton [3,4]. Metastatic disease is detected in 18% of
patients upon diagnosis, most commonly occurring in the lungs [5]. The standard treatment
regimen for OS comprises neoadjuvant chemotherapy with intercalated surgery, followed
by adjuvant chemotherapy [6]. As cytostatic agents, a combination of the three drugs,
namely, methotrexate, doxorubicin and cisplatin, is used [6]. The multidrug treatment
regimen comprises two neoadjuvant cycles followed by surgery, followed by four adjuvant
cycles, collectively referred to as the MAP protocol.

After the inception of the MAP protocol, the OS survival rate increased from 20% to
60% during the 1970s and 1980s, without any further improvement since then [7]. The
European and American Osteosarcoma Study (EURAMOS-1) included 2260 patients with
high-grade resectable localized or metastatic OS treated with the MAP protocol. Its results
indicated a 5-year event-free survival (EFS) of 54%, and the 5-year overall survival was
calculated to be 71%,; furthermore, localized disease had a 5-year EFS of 60% and an overall
5-year survival of 76% [8]. Even though implementation of the MAP protocol resulted in
a significant increase in survival rates, metastatic and recurrent disease is still associated
with poor survival rates, with the five-year survival rate being less than 25% [7,9]. The
recurrence rate is still 30-40% in patients initially diagnosed with local and non-metastatic
disease despite extensive chemotherapy and radical surgery [8,10,11], and poor response
to neoadjuvant treatment is not uncommon [12,13]. Approximately 50% of patients treated
with neoadjuvant chemotherapy are classified as poor responders, i.e. patients who show
<90% of necrosis within the tumor tissue on biopsy after the end of two neoadjuvant MAP
cycles [12].

The oncogenic driving factors for the development and spread of osteosarcoma have
been difficult to establish, and a multitude of different mutations and duplications are
responsible for the complexity of the somatic genome of osteosarcoma [14]. The complex
genomic landscape of OS combined with significant cellular heterogeneity has hindered
the development of molecular targeting treatments and immunotherapy [1], which, in turn,
has led to stagnation of the development of treatments other than chemotherapy and the
MAP protocol [15].

One of the intrinsic challenges imposed by current systemic drug delivery methods is
their non-specificity regarding the intended target tissue. In research on drug targeting and
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passive nanoparticle distribution, it has been shown that over 95% of all administered drugs
passively accumulate in other organs and sites not intended for treatment [16]. Not only
could this be the cause of the poor response to treatment, but it may also lead to adverse
reactions which can be incredibly detrimental for patients, thus reducing their quality of
life and resulting in a need to reduce the dose or delay treatments [17,18]. In this regard,
the side effects associated with treatment with doxorubicin (an anthracycline)—including
myelosuppression and cardiotoxicity—are dose-limiting [19].

Radical surgery, as a treatment for osteosarcoma or bone metastasis of other cancers,
is often combined with reconstructive surgery and implantation of different supporting
materials for pain relief and mechanical stability [18]. One such material is a mixture of
hydroxyapatite (HA) and calcium sulfate (CaS). HA is the inorganic component of our
skeleton, while CaS (also known as plaster of Paris) binds the HA particles together. Post-
mixing, the CaS/HA material is an injectable and moldable paste, which is often used after
bone debridement or resection to fill bone voids [18]. The material has a non-exothermic
setting reaction, meaning that it can set at body temperature (unlike other utilized bone
cements) [20,21]. It can also be effectively loaded with a wide range of drugs, allowing
for local targeting of bone disease, due to its non-exothermic setting reaction [22,23]. The
proposed advantages of drug delivery using CaS/HA are locally sustained and prolonged
exposure, with a controllable and minimized initial burst release. This local delivery
approach also ensures reduced exposure in tissues that are not the intended target for
treatment [18,24].

In a local drug delivery system, drug release is determined by the material’s struc-
ture, physio-chemical properties, the interactions between carrier material and drug, and
the drug loading strategy (e.g., mixing the drug with the wet or dry component of the
material) [25-27]. When incorporated into a biodegradable material, the material degra-
dation kinetics impact the drug release mechanisms [26,27]; such mechanisms include
material degradation itself, as well as breakage of chemical bonds, diffusion and absorption—
desorption [26,27]. Due to CaS/HA cement having a slower degradation rate than the drug
release rate, the release of the drug is considered to depend on either diffusion or physio-
chemical interactions between the drug and the material, both of which can be controlled
to achieve optimal drug release.

As DOX is the cornerstone drug in the MAP protocol, our group has previously
investigated local DOX delivery via the CaS/HA delivery system. In an earlier study
performed by Yang et al., DOX was shown to electrostatically interact with hydroxyapatite
(HA) [28]. HA is a naturally occurring calcium phosphate found in the skeleton [29]
and has two binding sites with an affinity for macromolecules, with one being the C-site
containing Ca- ions and the second being the P-site containing phosphate groups [30].
In turn, doxorubicin has multiple hydroxyl groups to which the C- and P-sites can form
weak electrostatic bonds [31]. In our previous study, we found that DOX bound to HA was
endocytosed and delivered to the lysosomes, the low pH conditions of which reversed the
electrostatic interactions between HA and DOX, thus freeing the DOX [28]. Most of the DOX
then accumulated in the mitochondria, thereby inducing mitochondrial damage and cell
death [28]. Previous studies have shown that the tumor microenvironment is characterized
by a pH range of 5.5-6.8, thus increasing the opportunity to free the DOX in close proximity
to the chosen treatment site [32].

Local drug delivery using doxorubicin is not entirely novel, as it is presently performed
clinically; however, this use is not routine. One example of local DOX delivery is in transarte-
rial chemoembolization (TACE), used as a standard of care for early- and intermediate-stage
hepatocellular carcinoma [33]. Multiple studies have also evaluated doxorubicin as a local
treatment for bladder cancer with intravesical instillation, for treatment of papillary carci-
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noma and in situ carcinoma [34]. Even though local chemotherapy treatment potentially
offers advantages such as a higher intratumoral drug concentration, expanded treatment
options for inoperable patients and reductions in systemic doses, which otherwise carry
sequential adverse reactions, clinical adaptations remain underdeveloped at present.

This situation might be explained by the difficulty of developing a platform with the
ability to maintain high and prolonged concentrations which can be instilled in solid tumors
such as carcinomas and sarcomas. Therefore, this study investigates two different pertinent
questions related to the local delivery of DOX within a solid tumor using a CaS/HA drug
delivery system. The purpose of the first study was to investigate the efficacy of a local DOX
delivery system using a CaS/HA biomaterial (DASH) compared with systemic doxorubicin
treatment, in mice inoculated with highly aggressive OS cells in the proximal tibia. The aim
of the second study was to evaluate the efficacy and tolerability of DASH as an add-on to
standard MAP treatment, compared with standalone MAP, in a mouse model of human
osteosarcoma. We hypothesize that a high local dose of DOX delivered intratumorally could
efficiently hinder the growth of aggressive OS.

2. Materials and Methods
2.1. Materials

The nude athymic mice (Fox1™/™) were purchased from Janvier Labs, Le Genest-
Saint-Isle, France. Doxorubicin hydrochloride powder was kindly provided by Teva Phar-
maceuticals, Amsterdam, Europe. The CaS/HA carrier material was kindly provided by
Lithea AB (Lund, Sweden), which was provided in powder form after gamma sterilization.
Human osteosarcoma cells (h143B) were purchased from ATCC, CRL-8303, (Manassas,
VA, USA) and RPMI medium and heat-inactivated fetal bovine serum were bought from
Life Technologies, Bleiswijk, The Netherlands. MTT reagent was purchased from Sigma
Aldrich, St. Louis, MO, USA. The type I collagen scaffold used as a tumor-seeding material
was purchased as part of the InductOS bone graft kit from Medtronic, Minneapolis, MN,
USA. Commercially available doxorubicin (Teva Pharmaceuticals, 2 mg/mL), methotrex-
ate (Ebewe, Unterach am Attersee, Austria, 2 mg/mL) and cisplatin (Ebewe, 1 mg/mL)
were purchased from a local pharmacy (Apoteket AB, Solna, Sweden) for intravenous
administration in animals receiving systemic MAP treatment.

2.2. Study Design
2.2.1. Study 1: Orthotopic Tumor Comparing DASH to Systemically Administered DOX

A total of 56 mice were inoculated with h143B cells in the proximal tibia (for a timeline
of the study, see Figure 1). The mice underwent treatment on day 10 post-inoculation.
To recreate a clinical scenario of neoadjuvant treatment and reduction in tumor mass
in preparation for radical surgery, their tumors were either (1) left untreated (control
group) or (2) exposed to systemic administration of doxorubicin (systemic treatment),
(3) treated with a local injection of carrier-free doxorubicin inside the tumor, (4) treated with
a ceramic material without a cytostatic agent (biomaterial control group) or (5-7) treated
with a combination of a ceramic material and doxorubicin at three different concentrations
(doxorubicin-loaded biomaterial). A detailed description of all the treatment groups is
provided below. To track tumor development and the treatment effects, all mice underwent
micro-CT at 14 days and PET-CT at 21 days post-intervention. Thereafter, the experiment
reached its endpoint, the mice were euthanized, and the volume and weight of their tumors
were quantified. After euthanization, the legs and vital organs were harvested for histology.
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Figure 1. Timeline and study design for the orthotopic tumor model. On day 0, the mice were
inoculated with h143B cells seeded on a collagen scaffold. Ten days after inoculation, the animals were
examined for tumors and treatment was initiated. On day 14 after treatment administration (24 days
after tumor inoculation), the animals underwent micro-CT imaging. On day 31 after tumor inoculation,
PET-CT imaging was performed on all animals. After imaging, the animals were euthanized and the
volume and weight of the tumors were quantified. Histology was also performed after measurements.
Image created using BioRender.com.

2.2.2. Study 2: Subcutaneous Tumor Model Evaluating DASH in Conjunction with MAP:
Evaluation of Efficacy and Tolerability

Another study was conducted in immunocompromised mice. A total of 45 mice were
inoculated with 143b cells in subcutaneous tissue. Afterwards, they were divided into
five treatment groups, differing in local treatment and treatment was initiated on day 11.
Group 1 was left without local treatment while groups 2-5 underwent local treatment. All
animals were subjected to the MAP regime, and doxorubicin, cisplatin and methotrexate
were given in two cycles (Figure 2). Doxorubicin and cisplatin were administered on
days 13 and 22 after tumor cell inoculation, while methotrexate was given on days 16 and
25 after tumor inoculation. Group 1 received the standard of care treatment (i.e., the MAP
regime only). Group 2 was implanted with a CaS/HA-pellet. Group 3-5 were implanted
with a CaS/HA-pellet loaded with doxorubicin (DASH) at three different doses; Groups 3,
4 and 5 were administered a low dose, intermediate dose and high dose, respectively. The
primary outcome was tumor metabolic activity calculated using PET-CT on day 31, as the
terminal treatment effect outcome. Secondary outcomes were tumor weight and volume,
calculated using an analytical scale and vernier calipers for measurements performed post-
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euthanization and once a week during the treatment period. Histology was also carried out
for qualitative screening of active tumor areas.

Study 2. Study design
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Figure 2. Experimental timeline of study 2. h143b cells were seeded on a collagen scaffold and
inoculated into the subcutaneous tissue in 45 nude mice. On day 11, the animals were divided
into five treatment groups, of which Groups 2-5 underwent local treatment while G1 served as
a control group, which received no local treatment. G2 was treated with excipient (CaS/HA-pellet),
G3 was treated with low-dose DASH (26 pug) and G4 and G5 were treated with medium-dose (79 ug)
and high-dose DASH (200 pg). Thereafter, all groups received two cycles of the MAP protocol;
doxorubicin and cisplatin were administered intravenously on days 13 and 22, while methotrexate was
administered on days 16 and 25. PET-CT was performed on day 31 or 32 to measure tumor activity.
As secondary outcome measurements, histology, weight and volume assessments were performed
after euthanization. Image was created in BioRender.com.

2.3. Study Methods—Study 1: Orthotopic Osteosarcoma Model—Investigating Treatment Effect of
DASH Compared with Systemic DOX Administration

2.3.1. Cell Culture and Creation of Cell Suspension

The cell line used for tumor inoculation was the human osteosarcoma cell line 143b. The
cells were cultured using a complete medium consisting of RPMI 1640 with FBS (10 vol%),
penicillin (1 vol%) and streptomycin (1 vol%) in T75-flasks. At 80% confluency, the cul-
tivation was concluded and the cells were harvested using EDTA-Trypsin and diluted
in medium (2:1 trypsin). The cells were then centrifuged and counted using a Biirker
chamber (Medtronic, Minneapolis, MN, USA). The cells were diluted to a concentration of
2 x 10° cells per 2.5 pL.
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2.3.2. Seeding the Scaffold

The type I collagen scaffold, sold as part of the InductOS bone graft kit (Medtronic,
Minneapolis, MN, USA), was cut into a cylindrical shape using a 2 mm biopsy punch. The
scaffolds were disinfected by placing them in a falcon tube filled with 70% ethanol for
10 min, to stabilize the structure before washing it with phosphate-buffered saline (PBS).
The ethanol was carefully removed using a pipette and PBS was added to the falcon tube.
The tube was put on a shaker for 5 min and the PBS was removed. This step was repeated,
with PBS added again; however, the tube was not put on a shaker. The contents of the tube
were poured into a Petri dish, and the scaffolds were carefully collected using forceps and
individually placed centered in a well of a 96-well plate. To each well, 200 uL of complete
medium was added, followed by incubation of the plate at 37 °C for 1 hour.

Then, the medium was removed using a pipette and 2.5 puL of cell suspension
(2 x 10° cells) was added onto the scaffold. The scaffolds were incubated for 30 min to
ensure the cells had time to settle on the scaffold surface, before adding an additional 2.5 L.
of complete medium to the well. After another hour of incubation, 200 uL of medium was
added, and each well was observed under a microscope to ensure that no significant cell
leakage could be observed. At 48 h after seeding, the scaffolds were implanted into the
mice. Cell seeding was performed on 3 separate days, following the same experimental
procedure at each time point.

2.3.3. Tumor Inoculation

To establish the xenograft human osteosarcoma model in Fox1 nude mice, 4-5-week-old
female athymic nude Fox1™%/" mice were procured from Janvier Labs, France. The mice
were anesthetized via isoflurane (2-3%) sedation, in a 1:1 mix of oxygen and nitric oxide in
an incubation chamber with a flow rate of 0.2 L/min [28]. After disinfecting the skin with
ethanol, a 2 mm skin incision was made over the proximal tibia and the area was cleared of
covering tissue using a scalpel. Below the epiphysis (which could be located through visual
inspection), a small hole was drilled using a handheld manual drill (diameter = 2 mm)
until resistance from the posterior cortex was felt. Care was taken to not perforate the
posterior cortex, as that would lead to cell leakage into the muscle. The cell-seeded collagen
scaffold was then carefully inserted into the burr hole. The skin was closed with sutures. Cell
viability evaluation at the end of each experimental day was performed on the cell-seeded
scaffolds using MTT assay, as described elsewhere.

2.3.4. Preparation and Administration of Treatments

The mice were divided into the seven following treatment groups (with eight animals
per group): local injection of saline (G1); systemic injection of DOX at a dose of 40 g
per animal (G2); local injection of carrier-free DOX at a dose of 40 ug per animal (G3);
intra-tumoral implantation of a pellet consisting of a ceramic material (CaS/HA) (G4);
and intra-tumoral implantation of a pellet consisting of a ceramic material (CaS/HA)
loaded with DOX at a low dose (G5), an intermediate dose (G6) or a high dose (G7). All
treatments were performed under isoflurane anesthesia. For each treatment group, two
animal cages (with four animals in each) were chosen randomly. The animals were checked
for visible tumors, and specimens with tumors that were difficult to see were noted in the
surgical protocol.

For G1 mice, the skin was cut open over the tumor and 20 uL of NaCl 0.9% was
administered into the tumor tissue using a 0.3 mL insulin syringe. The skin was closed
with two stitches. The treatment was performed similarly in the G3 group, members of
which received 20 pL of 2 mg/mL DOX solution for a total intratumoral DOX dose of
40 pg. G2 mice were treated with an injection of 20 pL of 2 mg/mL of DOX solution mixed
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with 80 pL of NaCl 0.9% into the tail vein; the skin over the tumor was opened and the
tumor was pricked using a thin needle to maintain similar tumor handling between all
groups (Table 1).

Table 1. Experimental groups in the orthotopic OS study in nude mice. G1 mice were treated with an
intratumoral injection of saline. G2 mice were treated systemically with an intravenous injection of
doxorubicin (40 pg). G3 mice were treated with an intratumoral injection of doxorubicin (40 ug).
G4 mice were treated with an intratumoral implantation of a pellet containing CaS/HA. G5, G6 and
G7 mice were treated with an intratumoral implantation of a pellet containing CaS/HA loaded with
doxorubicin at doses of 40, 150 and 300 pg, respectively.

Groups Treatment Administration Route Dose DOX
Gl NaCl (0.9%) injection Intratumoral 0ug
G2 DOKX injection v 40 ug
G3 DOX injection Intratumoral 40 ug
G4 CaS/HA pellet Intratumoral 0ug
G5 CaS/HA pellet + low dose DOX Intratumoral 40 ug
Gé6 CaS/HA pellet + medium dose DOX Intratumoral 150 ug
G7 CaS/HA pellet + high dose DOX Intratumoral 300 pg

Group G4-G7 mice were treated intratumorally with a ceramic material (CaS/HA),
which was created by mixing powder and liquid components molded into 15 uL pellets.
Each animal was treated with one pellet. The dry component for all groups comprised
a mixture of calcium sulfate/hydroxyapatite (CSH 60 wt.%/HA 40 wt.%) with the addition
of 3 wt.% calcium sulfate dihydrate (CSD) and 1.25 wt.% NaCl powder. For G4, the liquid
component consisted of iohexol (240 mg/mL). For G5, 1.78 mg of DOX powder was first
dissolved in 0.38 mL of iohexol (240 mg/mL), which was then mixed with 1 g of the CaS/HA
powder to achieve a DASH pellet containing 40 g DOX per pellet. In G6 and G7, 6.6 and
13.2 mg of DOX powder was dissolved in 0.38 mL iohexol (240 mg/mL), giving respective
dosages of 150 ug (G6) and 300 pg (G7) per animal (Table 1).

One gram of the dry component was weighed in a 12-well plate and 0.38 mL of the
liquid solution was added using a pipette. The components were mixed for 30 s before
the paste was transferred to a silicone mold. To insert the drug-loaded pellet, the skin was
incised and a small hole was created in the tumor using a needle. The pellet was then
divided into smaller parts, which were all inserted into the medullary canal. Any remaining
pellet that did not fit was placed immediately above the hole in the tibia. The skin was
closed with two stitches, and the animals were monitored the following days to observe
their sutures and tails.

2.3.5. Evaluation of Treatment Response: Primary Outcome Variables
Micro-CT

As 143B osteosarcoma cells are known to cause osteolysis of the bone, micro-CT was
used as a tool to visualize the bone structure at a micro-structural level [35], enabling
evaluation of the structural changes and bone destruction pattern after tumor inoculation.
Micro-CT was performed on live mice under isoflurane anesthesia.

The settings of the scanner (Milabs U-CT micro-CT scanner) were as follows: X-ray
voltage of 50 kV, X-ray current of 0.21 mA, exposure time of 0.75 s, an angle of 360 degree
ultra scanning mode, angle step degree of 0.25, 1:1 binning and ultra-focus magnification.

CT was performed on day 14 after treatment to evaluate the bone structure in vivo.
With the chosen settings, the pictures were reconstructed to a voxel size of 30 ym. Three-
dimensional pictures were reconstructed using Seg32 (open source, University of Utah,
Salt Lake City, UT, USA). For visualization of bone tissue, the threshold value was set
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to 2300 Hounsfield Units for exclusion of tissue with lower density. The animals were
then classified, according to the degree of bone destruction, as either no destruction (intact
cortex, no signs of resorption), low cortical destruction (signs of resorption present and some
remaining tissue in the metaphysis, but not a complete cortex) or high cortical destruction
(the cortex destroyed in the metaphysis and the proximal tibial metaphysis were completely
missing). The classification was performed by two observers, both of whom were not
blinded to the treatment groups.

PET-CT

PET-CT was performed to visualize and quantify the metabolic activity of the tumor
tissue at 21 days post-treatment [36] using a previously developed protocol [37]. Awake
mice were administered *F-FDG (44.2 + 7.3 MBq) intraperitoneally by diluting the ra-
dioactive tracer in NaCl solution. At 30 min post-injection, animals were anesthetized
using isoflurane as previously described. Before the PET-scan, a CT-scan was performed
40 min post-injection to locate the skeletal source of the PET signal. At 61.4 &+ 2.6 min, PET
images were acquired using a small animal PET/CT-scanner (Mediso, Budapest, Hungary),
except for the first scan which was performed at 91.5 & 1.3 min. Four mice were scanned at
a time, using a mouse bed that could accommodate four animals. Full-body high-resolution
images were captured with a voxel size of 300 ym. Reconstruction of PET images was
performed using the Tera-Tomo™ three-dimensional (3D) PET image reconstruction engine
(Nucline NanoScan 3.05.027, Mediso, Hungary). The CT images acquired prior to each
PET scan were used as an anatomical reference and for attenuation correction. The total
injected activity, tracer decay before scan start and region of interest were documented to
calculate the PET-CT-based tracer uptake. Once all PET-CT reconstructions were deemed
sufficient, animals were sacrificed by performing cervical dislocation. The PET-CT-based
tumor response was quantified according to the 18 F-FDG uptake in the tumor. A region of
interest was placed over the active area to calculate tumor volume and activity. PET-CT data
are presented as the percentage of total radioactivity measured in the tumor (% injected
activity in tumor), normalized radioactivity (i.e., % injected activity in tumor/tumor weight
in grams) and tumor volume used for PET-CT quantifications.

2.3.6. Evaluation of Treatment Response: Secondary Outcome Variables
Volume and Weight

After euthanization, the tumors were measured using a vernier caliper and weighed. The
two measurements of interest were the length and width of the palpable tumor. The volume
of the tumor tissue was calculated using the following formula: Volume = Length * Width?/2.
The legs with the tumors were cut above the knee joint and weighed on an analytical scale.

Histology

Histology was performed for qualitative screening of active tumor areas. The legs were
placed in formalin (4% v/v) for 24 h after harvesting to fix the tissue. The samples were
then put in EDTA solution (10% w/v; pH 7.4; 4 degrees) for 4 weeks, for decalcification of
the tissue. The solution was changed two times a week. Once the samples had decalcified,
routine paraffin embedding was performed and the samples were cut to a thickness of 5 ym
using a microtome. Slides were stained with H&E following routine histological procedures
and digitized on an Olympus slide scanner.
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2.4. Study Methods—Study 2: Subcutaneous Tumor Model Investigating Effects of Standard of
Care: The MAP Regime and the Addition of DASH

2.4.1. Cell Seeding and Inoculation

For the second study, the cells used for tumor inoculation were the same as in study 1,
and were cultivated using the same method and materials as described above. The cells
were seeded on a type 1 collagen scaffold, cut out and prepared as described in study 1.
The scaffolds were 5 mm in diameter, and 1 x 10° cells were seeded on each scaffold. At
48 h after cell seeding on the collagen scaffolds, the animals were inoculated with tumor
cell-seeded scaffolds. The skin was cut open on the right flank of Fox1™*/™ female nude
mice, and the scaffold was placed under the skin.

2.4.2. Local Treatment Administration

On day 10, all tumors were evaluated using a vernier caliper to calculate their volume,
as described in study 1. For inclusion in the study, the tumor volume had to be in the range of
60-100 mm®. The animals that did not meet this inclusion criterion were removed from the
experiment, leading to a sample size reduction in some groups (see the Results Section 3.1).

Local treatment administration was performed on day 11. The animals were random-
ized by randomly choosing a cage (five animals each), and all animals in the chosen cage
were given the same treatment. Dose calculation was performed on the assumption that
each animal weighed 20 g. All animals were weighed prior to tumor inoculation.

All animals were treated on day 11. The tumor was first palpated and the skin over
the tumor was cut open using a scalpel. The tumor was then incised and the pellet of pure
CaS/HA material or DASH was placed in its center, without performing any excision of
tumor tissue. In the cases where the pellet could not be inserted into the tumor, it was
placed immediately beside the tumor. The skin was closed with stitches. Group 1 (n = 8)
was the control group, and no material or doxorubicin was administered locally. The
tumor was surgically exposed, such that the local treatment was the only differing factor
between groups.

Group 2 (n = 8) was treated with implantation of a pellet consisting of CaS/HA.
The pellets were created using the same materials and methods as described for study 1;
however, the liquid component used was distilled water instead of iohexol. Group 3 was
treated with the low-dose DASH, with the dose of doxorubicin corresponding to 1.3 mg/kg
(total amount of 26 ug DOX per pellet). Group 4 was treated with the intermediate-dose
DASH, with doxorubicin dose corresponding to 3.9 mg/kg (total dose of 79 ng DOX per
pellet). Group 5 was treated with the high-dose DASH, with the DOX dose corresponding
to 10 mg/kg (total dose of 200 ng DOX per pellet).

2.4.3. Systemic Treatment Administration

All groups were treated with the systemic MAP treatment. The time points of the
cycles and doses of all three drugs were the same for all groups. The animals received two
cycles of intravenous MAP treatment. The first cycle started on day 13, while the second
cycle started on day 22 after tumor inoculation. The drugs were administered in the lateral
tail vein. The MAP dosage schedule is detailed below.

e  Doxorubicin: 5 mg/kg (100 ug) once per cycle for 2 cycles, totaling 10 mg/kg (200 pug).
Given on days 13 and 22.

e Cisplatin: 3 mg/kg (60 ug) once per cycle for 2 cycles, totaling 6 mg/kg (120 ug).
Given on days 13 and 22.

e  Methotrexate: 10 mg/kg (200 pug) once per cycle for 2 cycles, totaling 20 mg/kg (400 pug).
Given on days 16 and 25.

https://doi.org/10.3390/cancers18223620


https://doi.org/10.3390/cancers18223620

Cancers 2026, 18, 3620

11 of 27

2.4.4. Evaluation of Treatment Response Using PET-CT, Tumor Volume, Tumor Weight
and Histology

PET-CT imaging was performed on day 31 or 32, as the terminal time point for treatment
evaluation, at which point the metabolically active tumor volume was quantified. The PET-
CT images were procured using the same machine, materials and methods as described
above in study 1. The CT images acquired during the scan were used to verify the anatomical
location of the PET signal. The total injected activity, tracer decay before starting the scan
and volume of the region of interest were documented and used for the calculations of the
PET-CT-based tracer uptake.

The animals were euthanized once the PET-CT reconstructed images were deemed to
be of satisfactory quality. The animals were weighed and measurement of tumor dimensions
and tumor volume was performed on the day the treatment was started, followed by one
measurement every week until sacrifice at week 3, using the methods and materials as
described in study 1, with the measurements serving as secondary outcome variables. All
tumors were carefully excised after euthanization and digital photographs of each tumor
were taken. This also applies to the histology methodology used in this study. The tumors
were prepared as described in study 1; however, the samples were not decalcified before
embedding in paraffin.

2.5. Statistics

The sample size was empirically calculated based on our previous studies utilizing
similar experimental animal models [28,37,38]. The statistical analysis was performed
using GraphPad Prism version 10.1. For the first study, the group data were first analyzed
for normal distribution using the Shapiro-Wilk test. As some of the group data were not
normally distributed, a non-parametric ANOVA (Kruskal-Wallis test) was applied. First,
G2 (systemic doxorubicin) was chosen as the control group and the other groups were
tested against it via Kruskal-Wallis analysis with Dunn’s post hoc test. For a second analysis,
G2 was excluded and, in a multivariate analysis, Kruskal-Wallis testing was performed for
the remaining groups.

In the second study, the data distribution was first analyzed using the Shapiro-Wilk
test. As all 5 groups passed the test, a parametric ANOVA was first performed to evaluate
whether any statistical differences existed between the groups. Post hoc analysis was
performed to compare treatment groups G2-G5 with the control group (G1) using Dunnett’s
test. Treatment groups G2-G5 were also compared between themselves using Tukey’s
multiple comparison post hoc test. In the case that a Gaussian distribution could not be
observed, a non-parametric ANOVA (Kruskal-Wallis test) was used to determine statistical
differences between the 5 groups. When differences were observed, Dunn’s post hoc test was
performed to compare groups G2-G5 to group G1, as well as to compare G2-G5 separately.
Statistical significance was set at p < 0.05. All data are presented as mean + SEM, unless
otherwise stated.

2.6. Animal Ethics Statement

Animal experiments were performed using 4-5-week-old Fox1™/™ female nude mice,
purchased from Janvier Labs, Le Genest-Saint-Isle, France. They were maintained in cages
in 12 h light/dark cycles. Animals were housed at the biomedical center, BMC, Lund
University, and all institutional guidelines pertaining to animal care were followed. Animals
were checked for signs of pain, wounds and general malaise three to four times a week.
Humane endpoints included limping, pain or kyphotic body posture. The studies were
performed in accordance with the ARRIVE guidelines, and the study protocol was approved
by Jordbruksverket with the ethical approval number 5.8.18-01018/2020.
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3. Results
3.1. Study 1

Two samples (in G4 and G3, one each) were excluded from all analyses, as no tumor
was noted at the treatment time point and no signs of destruction were visible on micro-CT.
Due to malfunction of the PET-CT scanner, the first four scanned animals belonging to
G6 had to be excluded from the calculations. Three animals in G3 were excluded from
the analysis, as two of them showed no spread of the tracer from the peritoneal cavity;
this may have been caused by a faulty injection into the internal organs, rather than the
peritoneal cavity. For the remaining analyses, all animals in all groups (n = 8, except for
G3 and G4 (n = 7)) were included.

3.1.1. Analysis of Osteolysis in the Proximal Tibia Using Micro-CT

The 143b cells used for tumor inoculation are known to cause osteolysis, a secondary
outcome marker of tumor progression. An overview of one representative animal from
each group is shown in Figure 3A. All samples were classified into one of three degrees
of bone destruction, based on a visual interpretation of the images; namely, either no de-
struction (intact cortex, no signs of resorption), low cortical destruction (signs of resorption
present and some remaining tissue in the metaphysis, but not a complete cortex) or high
cortical destruction (the cortex destroyed in the metaphysis and completely missing) (sum-
marized in Figure 3B). For detailed micro-CT imaging results for each specimen, see the
Supplementary Materials (Figures S1-57).

For G1 mice, which were treated with saline injections, all samples displayed significant
bone destruction (Figure 3A). The epiphysis was intact; however, the tissue of the metaphysis
and the proximal part of the diaphysis were missing, leading to the classification of high
cortical destruction (Figure 3B). The cortex was destroyed in all except one sample, where
some cortex was remaining, thus being classified as low cortical destruction (Figure 3B).
Similar results were observed for G2 mice.

G3 mice also displayed a high level of destruction in the proximal tibia (Figure 3A).
One sample in G3 was classified as low cortical destruction (Figure 3B). G4 mice showed
greater variation in the amount of destruction (Figure 3B). Four of the seven samples
had a similar amount and pattern of destruction as the previously described groups, thus
being classified as high cortical destruction. One specimen had signs of resorption but
intact cortices and was classified as low cortical destruction. For these samples, most of the
material was pushed out into the surrounding tissue. Two samples had intact cortices, no
signs of tissue destruction and the material was still in the medullary canal, and thus, were
classified as no destruction (Figure 3B).

For G5 mice, treated with low-dose DOX delivered via the CaS/HA material, variable
amount of bone destruction was observed. Four samples were classified as high cortical
destruction; three samples had destruction surrounding the inoculation point but most
of the cortices remaining in the metaphysis and, for two of those samples, the material
was retained in the medullary canal, thus leading to their classification as low cortical
destruction (Figure 3B). One sample had no signs of resorption and no loss of bone tissue,
and thus, was classified as no destruction (Figure 3B).

G6 mice, which were treated with intermediate-dose DASH, also showed variations in
the amount of bone tissue resorption (Figure 3B). One sample had extensive destruction
and was classified as high cortical destruction. Four samples had a shorter diastasis and the
destruction was less extensive, thus being classified as low cortical destruction (Figure 3B).
The implanted material was also contained in the medullary canal for all but two samples.
Three samples had intact cortices, and were classified as no destruction, with material
remaining in the medullary canal (Figure 3B).
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the group) Canal

G1 (n=8) 0 1 7

G2 (n=8) 0 1 7

G3 (n=7) 0 1 6

G4 (n=7) 2 1 4 2

G5 (n=8) 1 3 4 3

G6 (n=8) 3 4 1 6

G7 (n=8) 6 2 0 8

Figure 3. Micro-CT-based evaluation of tumor-induced osteolysis. (A) Representative micro-CT
specimens at the 2-week post-treatment time point. (B) Systematic overview of the number of animals
in each group classified according to the degree of bone destruction evaluated using CT. Each animal
is classified, based on a visual interpretation of the micro-CT imaging, as either No destruction
(intact cortex, no signs of resorption), low cortical destruction (signs of resorption present and some
remaining tissue in the metaphysis, but not a complete cortex) or high cortical destruction (the
cortex destroyed in the metaphysis and completely missing). Group clarification: G1, treated with
intratumoral saline injection; G2, treated with intravenous DOX (40 ug); G3, treated with intratumoral
DOX injection (40 ug); G4, treated with intratumoral CaS/HA pellet (excipient); G5, treated with
low-dose DASH (DOX-loaded CaS/HA pellet, 40 ug); G6, treated with intermediate-dose DASH
(DOX-loaded CaS/HA pellet, 150 pg); G7, treated with high-dose DASH (DOX-loaded CaS/HA
pellet, 300 ug).
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G7 mice, treated with high-dose DASH, showed more consistent results, with six out
of eight samples having intact cortices and the material retained in the medullary canal.
As such, they were classified as no destruction (Figure 3A,B). Two of the eight samples
presented destruction in the metaphysis and the cortices were missing in this area, but the
diastasis from epiphysis to the remaining cortex was shorter compared with G1, G2 and
the other groups, with extensive loss of bone tissue in the metaphysis, therefore leading
to the classification of low cortical destruction (Figure 3B). The bone tissue was the most
intact in this group and the material was retained in the medullary canal for all samples.

The destruction was therefore less extensive in the groups treated with DASH and
showed a tendency to decrease with increasing DOX dosage.

3.1.2. Analysis of Metabolically Active Tumor in Proximal Tibia Using PET-CT

The tumors in G1 mice (saline-treated) had the highest mean value of % of injected
activity (Figure 4A), which was significantly higher than those in G5 (low-dose DASH,;
p < 0.01) and G7 (high-dose DASH; p < 0.0001). G5 and G7 mice had similarly significantly
lower tumor activity, measured as % of injected activity, when compared with those in
G2 with systemic treatment of DOX (p < 0.05 and 0.0001, respectively). G7 mice (high-
dose DASH) had significantly lower tumor activity than G3 mice (locally injected DOX)
and G4 mice (carrier without DOX). PET-CT images for all animals are provided in the
Supplementary Materials (Figures S8-514).

3.1.3. Tumor Volume and Size

A collage of full body-pictures of one mouse from each group, representative of tumor
size can be seen in Figure 4B(I). The average tumor volumes in G1 (treated with intratumoral
saline) and G2 (treated with intravenous DOX) mice were 397 and 485 mm?, respectively.
G3 (treated with intratumoral DOX) and G4 (treated with excipient) mice had average
volumes of 280 and 207 mm?, respectively. G5 (low-dose DASH), G6 (intermediate-dose
DASH) and G7 (high-dose DASH) mice had average volumes of 167, 81 and 58 mm?, re-
spectively. Mice in the three groups treated with CaS/HA and doxorubicin (G5, G6 and G7)
had statistically significant smaller tumor volumes than those in the systemic doxorubicin-
treated group, G2 (Figure 4B(Ila)). G7 mice also had significantly smaller tumor volumes
than G1 mice (Figure 4B(Ila)). When comparing the average tumor weight, G6 and G7 mice
had statistically significantly lower weight compared with systemic DOX-treated mice (G2)
and those locally administered a saline injection (G1) (Figure 4B(IIb)).

3.1.4. Histology

All animals in G1 (treated with intratumoral saline) and G2 (treated with systemic
DOX, 40 pg) demonstrated large tumors with bone destruction (Figure 5). For most sections,
a necrotic core was present in the cancerous tissue. G3 mice (treated with intratumoral
DOX, 40 pg) had a similar appearance, with large tumors situated between and amidst
the destructed tibia. Only the epiphysis remained in the proximal tibia for most sections
in these groups. Two animals in G4 (treated with excipient only) had no signs of cancer
presence, showing intact cortices surrounded by skeletal muscle. However, the remaining
animals had large tumors with a necrotic core and bone destruction.
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Figure 4. Terminal time point evaluation of treatment response using in vivo PET-CT and ex vivo
tumor volume and weight calculations. The graph in panel (A) demonstrates tumor activity, measured
as % of injected activity per gram of tumor tissue. * p-value < 0.05, ** p < 0.01 and *** p < 0.0001.
Collage of PET-CT images (right) taken at 3 weeks after treatment initiation, with one representative
animal from each treatment group. (B) Panel (I) shows a collage of full-body pictures of one mouse
from each group, with representative tumor size. (II). Calculation of tumor volume (left) and
tumor weight (right) at the study endpoint of 3 weeks. The graphs in the figure present data as the
mean * SD of the tumor volume (a) or weight (b). * p-value < 0.05, ** p < 0.01, *** p < 0.001. Data
were not normally distributed, and the statistical analysis was performed using a Kruskal-Wallis test
with Dunn’s post hoc test. G2 mice (i.e., those receiving systemically administered DOX) were used
as controls during multiple comparisons testing. Group clarification: G1, treated with intratumoral
saline injection; G2, treated with intravenous DOX (40 ug); G3, treated with intratumoral DOX
injection (40 pg); G4, treated with intratumoral CaS/HA-pellet (excipient); G5, treated with low-dose
DASH (DOX-loaded CaS/HA pellet, 40 ug); G6, treated with intermediate-dose DASH (DOX-loaded
CaS/HA pellet, 150 pg); G7, treated with high-dose DASH (DOX-loaded CaS/HA pellet, 300 pg).
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Figure 5. Histological slides for one representative animal from each group. Group clarification: G1,
treated with intratumoral saline injection; G2, treated with intravenous DOX (40 ng); G3, treated with
intratumoral DOX injection (40 ug); G4, treated with intratumoral CaS/HA pellet (excipient); G5,
treated with low-dose DASH (DOX-loaded CaS/HA pellet, 40 ug); G6, treated with intermediate-
dose DASH (DOX-loaded CaS/HA pellet, 150 ug); G7, treated with high-dose DASH (DOX-loaded
CaS/HA pellet, 300 pg). Histological landmarks are marked out with letters: F—femur, E—epiphysis,
C—cortex, M—material (excipient or DASH), T—tumor tissue.
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Of the G5 mice (treated with low-dose DASH, 40 pg), four animals displayed similar
progression as the previous groups, with excipient material (gray-pink in color) dispersed
in the center. Two animals had tumor tissue located as a nest in the medullary canal, almost
contained by the cortices who displayed local destruction. One animal had tumor tissue at
the inoculation point, as well as surrounding the proximal tibia; although it was lesser in
size than previous groups, and extensive bone destruction was still present. One animal
showed no presence of cancerous tissue. Of the animals treated with intermediate-dose
DASH (150 pg), two animals showed large amounts of tumor, similar to groups 1, 2 and
3 regarding progression. In contrast, three animals had smaller nests of tumor cell tissue
maintained at the inoculation point, and two animals had no visual tumor tissue with intact
cortices surrounded by skeletal muscle. In G7 (treated with high-dose DOX, 300 ug), two
animals had extensive tumors surrounding the tibia with bone destruction; three animals
had no nests of tumor tissue and no bone destruction; and the remaining three animals had
small nests of tumor tissue at the inoculation point contained by the cortices and excipient
material. Bone tissue destruction was less extensive than that in animals in groups 1, 2 and 3.

3.2. Study 2

A total of n = 3 animals had to be excluded from the experiment, as they did not fulfill
the inclusion criterion due to a tumor volume <60 mm?®. These animals comprised one each
in groups 1, 2 and 5. Furthermore, one animal in group 3 and one animal in group 4 were
lost during the i.v. injections on day 13. A total of n = 8 animals in each experimental group
completed the entire experiment.

Animal randomization was performed based on cages and not individual animals.
One out of nine possible cages was randomly chosen. Post hoc statistical analysis revealed
no differences in the initial tumor volume (i.e., tumor volume at day 10) between the five
treatment groups except in group 2, which had a lower mean tumor volume compared
with group 1, as detailed in the Supplementary Materials (Figure S15). No statistically
significant differences were observed in animal weight at the start of the treatment period.

3.2.1. Tumor Volume and Size

On the treatment day, the animals” weight, tumor dimensions and tumor volume were
measured, followed by one measurement every week until sacrifice at week 3 (Figure 6A).
Regarding weight changes, no significant differences in weight were observed at any of the
measurement time points (Figure 6A). In contrast, significant differences in tumor volume
were observed at each time point, as detailed in Table 2 below.

Table 2. Longitudinal tumor volume assessment, presented as mean + SEM (in mm?).

Treatment Groups Statistics
Time Point MAP MAP + MAP + DASH MAP + DASH MAP + DASH
Excipients (26 ng) (79 ng) (199 ng)
Week 0 79 + 4 64+1 75 + 4 70 +2 67+3 MAP vs. MAP + Excipients
p<0.01
a. MAP vs.
MAP + DASH (79 ug)
p < 0.05
b. MAP vs.
Week 1 109 + 11 113 + 18 54 + 20 35+ 4 23+6 MAP + DASH (199 ug)
p < 0.001

c. MAP + Excipients vs.
MAP + DASH (199 ug)
p <0.01
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Table 2. Cont.

Treatment Groups Statistics

Time Point

MAP

MAP + MAP + DASH MAP + DASH MAP + DASH
Excipients (26 ng) (79 ng) (199 ng)

Week 2

313 £ 52

a. MAP vs.
MAP + DASH (79 ug)
p <0.01
b. MAP vs.
MAP + DASH (199 ug)
p <0.001
c. MAP + Excipients vs.
MAP + DASH (79 ug)
p<0.01
d. MAP + Excipients vs.
MAP + DASH (199 ug)
p < 0.001

274 £ 36 107 + 49 46 £ 11 316

Week 3

701 + 81

a. MAP vs. MAP + DASH (26 ug)
p <0.01
b. MAP vs.
MAP + DASH (79 ug)
p<0.01
c. MAP vs.
MAP + DASH (199 ug)
p < 0.001
d. MAP + Excipients vs.
MAP + DASH (79 ug)
p <0.05
e. MAP + Excipients vs.
MAP + DASH (199 ug)
p < 0.0001

683 *+ 67 170 £ 93 68 £ 10 32+4

In the post-mortem analysis, tumor dimensions were measured using a vernier caliper.
All tumors were carefully excised and a digital photograph of each tumor was taken
(Figure 6B). All MAP + DASH specimens had statistically lower tumor volumes when
compared with MAP-only specimens (Figure 6B). This reduction in tumor volume was
dependent on the DOX dose, with the lowest tumor volume observed in the MAP + DASH
(199 ug) group (Figure 6B). Furthermore, the volumes in the MAP + DASH (79 ug)
(p < 0.05) and MAP + DASH (199 ug) (p < 0.0001) groups were also significantly lower
than that in the MAP + Excipients group (Figure 6B). Similar trends were observed for tu-
mor weight. Al MAP 4+ DASH groups had significantly lower tumor weight compared with
the MAP control group. The MAP + DASH (26 pg) and MAP + DASH (199 ug) groups
also had significantly lower tumor weights than the MAP + Excipients group (Figure 6B).

3.2.2. PET-CT

Regarding normalized tracer uptake (Figure 7, top left), the MAP + DASH (199 ug)
group mice showed the lowest tracer uptake, which was also statistically significant when
compared with that in the control MAP group (p < 0.05). On the other hand, MAP + Excipi-
ents group mice had significantly higher tracer uptake than the MAP group mice (p < 0.05).
All MAP + DASH group mice had significantly lower normalized tracer uptake, when
compared with MAP + Excipients group mice.

When looking at the total intratumoral uptake of the radioactive tracer (i.e., the %
of radioactivity detected in the tumor with respect to the total injected radioactivity)
(Figure 7, top middle), MAP + DASH (26 ug) (p < 0.01) and MAP + DASH (199 nug)
(p < 0.01) mice showed significantly lower tracer uptake when compared with MAP-only
mice. MAP + DASH (79 ug) mice, although demonstrating low tracer uptake, did not reach
a statistically significant difference (p = 0.07). Between the DASH groups, MAP + DASH
(199 ug) (p < 0.001), as well as MAP + DASH (26 ng) (p < 0.01) mice demonstrated signifi-
cantly lower tracer uptake in comparison with MAP + Excipients group mice. PET-CT-based
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tumor volume (i.e., the volume of the region of interest used to quantify the uptake of the
radioactive tracer) was also quantified (Figure 7, top right). All MAP + DASH group mice
showed significantly lower tumor volumes when compared with the control MAP group
mice (p < 0.01). All MAP + DASH group mice also showed significantly lower volume than
those in the MAP + Excipients group, with volume reducing with increasing DOX dose.
Tracer uptake quantification also corroborated the conclusions derived from PET-CT images.
The MAP and MAP + Excipients group mice had the largest tumor tissue and highest
uptake. The MAP + DASH (26 pg) and MAP + DASH (79 ug) group mice demonstrated
some 18 F-FDG uptake, but at a lower level than those in the MAP and MAP + Excipients
groups. Finally, very little to no tracer activity was observed in the MAP + DASH (199 ug)
group mice. Remnants of the CaS/HA material were observed in all MAP + DASH groups.
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Figure 6. Tumor volume and weight measurements in study 2. (A) Longitudinal assessment of
tumor volume progression in different treatment groups (left), as well as animal weight changes
over time (right). (B) Post-mortem analysis of tumor tissue. Digital photographs on the left show
excised tumors at three weeks after treatment. Each tumor represents tissue harvested from one
individual animal. The graph on the top right shows tumor volume measurements performed before
the tissue was excised from the animals. The graph on the bottom right shows tumor weight at the
time of sacrifice. Statistical comparisons with brown bars indicate comparison of the treatment groups
G2-G5 with respect to the control MAP-only group (G1). Black bars indicate comparisons between
the treatment groups G2-G5. * p < 0.05, *** p < 0.001 and **** p < 0.0001. Statistical significance was
set at p < 0.05.
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Figure 7. PET-CT and histological responses in study 2. PET-CT imaging provided quantitative data
on treatment response. The top left graph represents normalized tracer uptake in each treatment
group as a % of total injected radioactivity/g tumor tissue. The middle graph shows total tracer
uptake without normalizing against tumor weight and, finally, the graph on the right shows the
PET-CT-based tumor volume used to quantify the data in the graphs in the left and middle panels.
Statistical comparisons with brown bars indicate comparison of treatment groups G2-G5 with respect
to the control MAP-only group (G1); black bars indicate comparisons between the treatment groups
G2-G5. *p < 0.05, ** p < 0.01, ** p < 0.001 and **** p < 0.0001. Statistical significance was set at
p < 0.05. Images in the middle row present one representative PET and CT overlapped image from
each treatment group. Images were assigned a threshold manually to provide a similar color scale.
The tumor and the tracer uptake area in the tumor are marked with a dashed white circle, while the
orange arrow in groups G2-G5 indicates the radio-dense DASH excipients. The bottom row shows
representative histology slides for one animal from each treatment group.

3.2.3. Histology

The G1 (MAP-only treatment) and G2 (MAP + excipient-treated) animals presented
visible cancer cells (Figure 7). Specimens in these groups consisted entirely of dense cancer
cell tissue. G3 animals (treated with MAP + low-dose DASH) had mixed constituency,
with three out of eight animals having preparations showing densely packed cancer tissue,
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similarly to G1 and G2 mice; however, the other samples demonstrated tumors with fibrotic
tissue and no clearly visible nests of cancer cells. In G4 (MAP + intermediate-dose DASH)
animals, five out of eight specimens showed dense cancer cell tissue and the other three
showed fibrotic tissue with no clear nests of cancer cells. One of the specimens consisted
mainly of adipose tissue. In the samples from the animals treated with MAP + high-dose
DASH (G5), no visible cancer cell tissue could be seen. The preparations had fibrotic tissue
and necrosis in the center. Dispersed cancer cells were difficult to ascertain in the samples
with fibrotic appearance.

3.2.4. Local Tissue Reaction at the DASH Implantation Site

The calcium sulfate component in DASH can cause delayed wound-healing. Likewise,
DOX extravasation into connective tissue during intravenous administration can cause local
tissue inflammation and necrosis. The local tissue reactions to MAP-excipients (group 2)
and DASH containing various DOX doses (G3-G5) are shown in Figure 8. As expected, the
MAP group mice showed no local tissue reaction. In the case of the MAP + Excipients and
MAP + DASH (26 ug) groups, 1 out of 8 animals demonstrated notable delayed wound-
healing and scar tissue formation. This increased slightly with an increase in DOX dose,
with 3/8 and 2/8 animals demonstrating scar tissue formation in the MAP + DASH (79 ug)
and MAP + DASH (199 ug) groups, respectively.

MAP MAP+Excipients MAP+DASH (26 ug)  MAP+DASH (791g)  MAP+DASH (199 pg)

0/8 1/8 1/8

Figure 8. Local tissue reaction at the site of DASH implantation at 3 weeks post-implantation. Dashed
yellow circle highlights the area of interest in each group.

4. Discussion

This study aimed to evaluate the ability of DASH to improve local disease control in an
orthotopic osteosarcoma model in nude mice, as well as to evaluate its safety and efficacy
as an add-on to systemically administered MAP in a sub-cutaneous osteosarcoma model in
nude mice.

In the orthotopic study, DASH-treated mice demonstrated an increased treatment
response, regarding the primary and secondary outcomes, when compared with systemic
doxorubicin. The visual interpretation of the tumor size on PET imaging aligned with the
extent of bone destruction seen on micro-CT imaging, histology and, more importantly,
the tumor volume and weight calculations. The systemic treatment did not significantly
hinder tumor growth or bone destruction, resulting in a treatment response similar to that
to intra-tumoral saline injection.

In the subcutaneous study, the tumor volume, weight and tumor activity (measured
as % injected activity) results were in good concordance. A reduction in tumor burden and
an increase in tumor-inhibiting ability was seen in the MAP + DASH groups compared
with MAP control group, except that regarding tumor activity with MAP + DASH (79 ug),
which was not statistically significantly lower than that in controls.

https://doi.org/10.3390/cancers18223620


https://doi.org/10.3390/cancers18223620

Cancers 2026, 18, 3620

22 of 27

Similar to study 1, the treatment effect in study 2 presented a dose-dependent trend.
Although no statistically significant difference in treatment response was observed with
respect to the different DASH doses used, increased treatment response was associated
with higher doses of DOX loaded on DASH. This was demonstrated in the primary and
secondary outcomes in regard to study 1, with the tumors in the high-dose (300 ug) group
being smaller, lighter and less metabolically active when compared with those in the low-
and intermediate-dose (40 pg and 150 pg) groups. Similarly, in study 2, little to no tracer
activity was observed in the MAP + DASH (199 ug) group mice.

Considering that the average weight of a nude mouse is 20 g, the DOX dose in the
199 ug group in study 2 was equivalent to 10 mg/kg. In a study performed by Chen et al.,
tumor-bearing nude mice were treated with three concentrations of doxorubicin, locally
delivered via a PLGA-PEG-PLGA hydrogel [39]. Mice treated with 5 mg/kg DOX locally
showed no systemic toxic effects; however, this dose had no effect on tumor suppression. In
mice treated with 30 mg/kg, great tumor-killing ability of DOX was observed, but the mice
also suffered from weight loss. Those in the intermediate group, with a dose of 15 mg/kg
DOX, showed evidence of a significant tumor-impeding ability and lived significantly
longer compared with those systemically administered DOX at the same dosage. Therefore,
an important aspect is to ascertain not only the amount of DOX that is safe to deliver
but also the applicability of the platform to provide local disease control and potential
metastasis prevention.

As no detrimental side-effects of high local DOX delivery were observed in this short-
term study, the results indicate that either only a fraction of the DOX reaches the systemic
circulation or the exposure is gradual. Aston et al. have demonstrated that the maximum
tolerated dose of doxorubicin in nude mice is 10 mg/kg [40]. The high-dose group in the
second study received high local DOX (10 mg/kg), as well as systemically administered
DOX, thus putting these mice above the 10 mg/kg limit; however, they all survived without
substantial weight loss. This may imply the ability of DASH to maintain the DOX con-
centration locally and a lack of synergistic systemic toxicity effects between the local and
systemic treatment modalities. Systemic toxicity and side effects such as heart failure and
myeloid suppression are dose-limiting factors for DOX. However, it must be noted that
we only performed a short-term follow-up, and the long-term safety of the tested regimen
remains unknown.

Regarding the local toxicity, no scar tissue formation was observed in the control group
in the subcutaneous study. In the MAP + excipient and MAP + low dose DASH groups, one
animal per group demonstrated scar formation, and an increase in the number of animals
presenting scar tissue was seen with an increase in the DOX dosage. Due to the small size
of the experimental groups, it is difficult to conclude whether the formation of scar tissue is
due to the implantation of excipients or exposure to high doses of DOX. More experiments
are required to elucidate the local tissue reaction to DASH at the implantation site.

In the second study, the MAP + DASH (26 pg) and MAP + DASH (199 ug) group mice
had statistically lower tumor weights and % injected tumor activity than those in the MAP
+ excipients group. Furthermore, the MAP + DASH (79 yug) and MAP + DASH (199 ug)
group mice had lower tumor volumes when compared with those in the MAP + excipients
group. The inhibiting effect of DASH compared with excipient in both studies provides
evidence for DOX acting as the primary tumor inhibitor in the platform. In a study per-
formed by Zhang et al., hydroxyapatite itself was shown to have a combined functionality
of possessing tumor cytotoxic abilities and acting as a bone segmental defect filler after
tumor invasion [41]. In study 1, one group of mice was administered DOX intratumorally
(40 ng), but this treatment did not demonstrate statistically significant tumor-inhibiting
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abilities. These results imply that the platform and DOX have synergistic effects, likely due
to the prolonged release of DOX from DASH.

In study performed in 40 patients treated with a multi-agent neoadjuvant treatment
followed by surgery, reductions in size and tumor growth in response to treatment were
reported to be strongly associated with the degree of tumor necrosis, which was thus
considered as a predictive factor [13]. Thus, the results of this study indicate that DASH
could be implemented as part of a novel protocol for poor responders. A second predictive
factor the abovementioned researchers investigated was an increase in osteoid tissue after
treatment, serving as a positive predictor [13]. In this study, micro-CT and histology
imaging revealed that the ceramic biomaterial appeared to be incorporated into cortical
bone and stabilized the drilled cavity, when compared with non-DASH groups in which
the diaphysis had undergone osteolysis. However, G4 mice—which were treated with only
the material—still showed extensive destruction, indicating that the primary protector of
bone from osteolysis was the pharmacological action of doxorubicin.

Similar studies investigating the tumor-inhibiting effects of DOX combined with HA in
orthotopic and subcutaneous nude mice models inoculated with 143b cells have previously
been performed by Yang et al. [28,38], in which the orthotopic model was developed to
mimic a post-surgical scenario. These studies concluded an increased treatment response
to DOX combined with HA, when compared with systemic DOX treatment. The collective
results of these studies point to an increased ability of DOX loaded on an HA-based platform
to inhibit tumor development in native and subcutaneous tissue pre-surgery and recurrence
post-resection, indicating an opportunity to use the platform as an adjunct for poorly
responding patients, or those showing low tolerance to systemic treatment. The risk for
local recurrence is low in osteosarcoma, having been reported at 4-10% [42,43]; however,
there are other cancer diseases—such as soft tissue sarcoma, breast, lung and colorectal
cancer—with higher risk in this regard, for which a local suppressor could be an important
adjuvant [44].

Other preclinical studies have explored the possibility of local delivery of cytostatics
to treat malignant bone tumors; for example, Wang et al. developed cisplatin-loaded
bone substitute granules [45]. In particular, they utilized and functionalized commercially
available bone substitute granules such as Bio-Oss® and MBCP®+ with cisplatin, and
delivered them to co-cultures of metastatic breast, prostate cancer and bone marrow stromal
cells. The functionalized granules showed a dose-dependent cytotoxic effect on cancer cells
and less impact on stromal cells. When the material was implanted in rat femoral condyles,
no local tissue damage was observed and no apoptotic damage was seen in the liver or
kidneys. Therefore, they were also able to demonstrate dose-dependent cytotoxicity and
that bone substitute materials loaded with cytostatics can potentially be regarded as safe
for application regarding their systemic effects. However, more extensive studies still need
to be performed to elucidate the local toxicity of the materials proposed in this study, due
to the increased scar tissue and wound formation observed in the mice administered higher
doses of local DOX.

Our study has a few limitations. In study 1, a low volume of cell suspension was chosen
for seeding the scaffolds, which caused some uncertainty; for example, it is suspected that
two scaffolds which may not have carried viable cells were implanted (Supplementary
Figure 516). During treatment, all animals were checked for tumors and all animals (except
one) inoculated on day 1 carried a visible tumor at the initiation of treatment. It is possible
that scar tissue could have been confused for tumor tissue, as the micro-CT scans, PET scans
and tumor measurements could not confirm the presence of tumors in one animal each
for the low treatment response groups G3 (OSTC-52) and G5 (OSTC-18), as well as two
animals in G4 (OSTC-25 and -7). The animal in G3 (OSTC-52) had tumor tissue visible
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on histology. In the remaining three animals, the presence of tumor tissue was difficult to
ascertain. Nevertheless, all animals mentioned here were included in the micro-CT and
PET-CT analyses, and all Micro-CT, PET-CT and histology images for these specimens are
provided in the Supplementary Materials (Figures S1-514 and S17).

Another possible explanation is that the tumors may have been in a nascent stage, at
which even a limited treatment could have impeded their development; for example, two
animals in G7 had a higher tumor burden than the remaining animals, which otherwise
showed a very successful response. One of them was reported to already have a large tumor
burden at treatment initiation compared with the others. Second, all animals in G1 and
G2 underwent successful inoculation. To reduce the inter-animal variability in the second
study, we performed tumor volume measurements before administering the treatments and
set an inclusion criteria based on tumor size. Another limitation of our orthotopic study is
the risk of observer bias in the classification of the bone destruction on Micro-CT 3D imaging,
due to it not being performed by a blinded assessor. For transparency and to minimize the
risk of observer bias, all obtained images are included in the Supplementary Materials.

Due to the aggressive nature of the used cell line, large tumors can form within short
periods of time. In orthotopic studies, this entails short experimental setups due to painful
and crippling tumors. This is a limitation of the study, as survival and remission in patients
with localized disease are ultimately determined based on the development of metastasis.
Models adapted to investigate metastatic progression and development should be employed
as a next step. A suitable candidate for this purpose is the model developed by Martine
et al., which was developed to investigate interactions between human bone cancer cells and
engineered human bone tissue in vivo by implanting bioengineered scaffolds ectopically in
immunodeficient hosts, enabling the development of larger tumors [46].

Another important factor to establish is the exposure to DOX over time, which correlates
to the treatment effect and side-effects. The AUC and other pharmacokinetic properties
can be calculated after taking regular blood samples over the treatment period. However,
the required quantity of blood samples for such an analysis is difficult to obtain from mice.
A study on the biodistribution of doxorubicin is therefore planned to be performed in sheep.

5. Conclusions

In an orthotopic bone tumor model, a local drug delivery platform delivering dox-
orubicin from a CaS/HA biomaterial was associated with a higher treatment response,
reported as a greater impairment of tumor growth and bone destruction when compared
with systemic treatment, which is currently used as the standard administration pathway
for cytostatic agents in osteosarcoma patients. The addition of a local chemotherapeutic
regimen to the MAP protocol, demonstrated increased tumor impediment as well as dose-
dependent cytotoxicity. In the future, such a regimen could not only be considered for the
development of an additive treatment for use in poor responders but also as a standard
treatment modality against osteosarcoma as well as other solid tumors. However, phar-
macokinetic studies in large animals and material characterizations need to be carried out
before clinical translation would be possible.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/cancers18223620/s1: Figure S1: Micro-CT imaging of the mice
in G1; Figure S2: Micro-CT imaging of the mice in G2; Figure S3: Micro-CT imaging of the mice in
G3; Figure S4: Micro-CT imaging of the mice in G4; Figure S5: Micro-CT imaging of the mice in
G5; Figure S6: Micro-CT imaging of the mice in G6; Figure S7: Micro-CT imaging of the mice in G7;
Figure S8: PET-CT imaging of the mice in G1; Figure S9: PET-CT imaging of the mice in G2; Figure S10:
PET-CT imaging of the mice in G3; Figure S11: PET-CT imaging of the mice in G4; Figure S12: PET-CT
imaging of the mice in G5; Figure S13: PET-CT imaging of the mice in G6; Figure S14: PET-CT imaging
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of the mice in G7; Figure 515: Tumor volume at the start of the experiment in study 2; Figure S16: MTT
assay results; Figure S17: Histology from specimen in low responsive groups with low tumor burden.
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(O3] Osteosarcoma
DOX Doxorubicin
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CaS/HA  Calcium-sulfate hydroxyapatite

DASH Doxorubicin + calcium-sulfate hydroxyapatite
MAP Methotrexate—adriamycin—cisplatin

PET Positron emission tomography
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