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Localized Nanoparticle-Mediated Delivery of miR-29b
Normalizes the Dysregulation of Bone Homeostasis Caused
by Osteosarcoma whilst Simultaneously Inhibiting Tumor
Growth
Fiona E. Freeman,* Pere Dosta, Lianne C. Shanley, Natalia Ramirez Tamez,
Cristobal J. Riojas Javelly, Olwyn R. Mahon, Daniel J. Kelly, and Natalie Artzi*

Patients diagnosed with osteosarcoma undergo extensive surgical
intervention and chemotherapy resulting in dismal prognosis and
compromised quality of life owing to poor bone regeneration, which is further
compromised with chemotherapy delivery. This study aims to investigate if
localized delivery of miR-29b—which is shown to promote bone formation by
inducing osteoblast differentiation and also to suppress prostate and
cervical tumor growth—can suppress osteosarcoma tumors whilst
simultaneously normalizing the dysregulation of bone homeostasis caused by
osteosarcoma. Thus, the therapeutic potential of microRNA (miR)-29b is
studied to promote bone remodeling in an orthotopic model of osteosarcoma
(rather than in bone defect models using healthy mice), and in the context of
chemotherapy, that is clinically relevant. A formulation of
miR-29b:nanoparticles are developed that are delivered via a hyaluronic-based
hydrogel to enable local and sustained release of the therapy and to study the
potential of attenuating tumor growth whilst normalizing bone homeostasis.
It is found that when miR-29b is delivered along with systemic chemotherapy,
compared to chemotherapy alone, the therapy provided a significant decrease
in tumor burden, an increase in mouse survival, and a significant decrease in
osteolysis thereby normalizing the dysregulation of bone lysis activity caused
by the tumor.
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1. Introduction

Osteosarcoma is a highly aggressive bone
cancer, largely affecting children and ado-
lescents with a worldwide incidence rate
of 26 000 new cases per year.[1] Due to the
young age of initial diagnosis, the manage-
ment of this disease is a challenging and
costly exercise, estimated to be €14.7 billion
in Europe in the last 18 years.[2] Despite sig-
nificant advances in treatment seen in other
malignancies, no major improvements in
outcomes have been achieved since the in-
troduction of chemotherapy in the 1970s.[3]

Contemporary chemotherapy is usually ad-
ministered to the patient with three cy-
cles prior to tumor resection and three cy-
cles post tumor resection. However, these
chemotherapeutic drugs have a series of
short and long-term side effects on the pa-
tients and are not curative.[4] This empha-
sizes the strong clinical unmet need for
newer, more effective, treatment options to
improve the overall survival of these young
patients.[5] Furthermore, as osteosarcoma
is such an aggressive disease, the surgical
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intervention usually involves total reconstruction of the limbs
or in most cases amputation. To add to this, both chemothera-
peutics and osteosarcoma tumors have been shown to disrupt
bone homeostasis,[6] resulting in a dysregulated bone lysis activ-
ity significantly hindering the surrounding bone’s ability to re-
generate following surgical intervention. Therefore, any bone
regeneration strategy that would stimulate the bone remodeling
process, within the surrounding bone following surgical inter-
vention, would be of great interest to these young patients. Yet,
there exists a fine balance between trying to promote bone re-
modeling and promoting tumor growth, which has significantly
slowed down fundamental research and clinical translation of tis-
sue engineering strategies for cancer patients.[7]

The controlled in vivo delivery of microRNAs (miRNAs), non-
coding small RNAs that regulate gene expression, offer numer-
ous therapeutic advantages and may potentially be developed to
target both tumor suppression and promote bone remodeling.
miRNAs have been identified as gene expression master regu-
lators and constitute an attractive target for treating cancer as
they have been shown to regulate biological systems such as
stemness, immunity and have been shown to play a crucial role
in the initiation and progression of numerous cancers.[8] miR-
29 consists of three mature members, miR-29a, miR-29b and
miR-29c, which are encoded in two genetic clusters.[9] Members
of this family, specifically miR-29b, have been shown to be si-
lenced or down-regulated in many different types of cancer.[10]

Subsequently, restoration of miR-29b has been found to elicit
tumor-suppressive properties in a variety of cancers,[10b,d,e,11] but
has not been studied in the context of osteosarcoma. It has also
been shown that miR-29b plays a key role in bone remodeling
by promoting osteoblast differentiation by downregulating TGF-
𝛽3 signaling,[12] providing new insight into the use of miRNAs
to induce bone formation. Furthermore, as miR-29b has also
been shown to inhibit angiogenesis by targeting VEGF signaling
pathways,[13] it has the potential to aid in bone regeneration with-
out enhancing vascularisation and thus tumor growth or metas-
tasis. However, the therapeutic potential of miR-29b in osteosar-
coma remains unknown. In vitro studies have shown that miR-
29b delivery suppresses proliferation and migration and induces
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apoptosis of osteosarcoma cells[14] and in some cases can sensi-
tize the cells to chemotherapy.[14b,15] Although informative, these
studies used 2D in vitro cultures.

There are also several challenges that limit miRNA delivery
as a potential treatment option for osteosarcoma. These chal-
lenges include poor penetration of miRNAs into the tumor tis-
sues, fast degradation time of unmodified miRNAs, and activa-
tion of the innate immune system leading to unexpected toxic-
ities and undesirable side effects.[16] Injectable hydrogels as the
miRNA delivery systems have become a research hotspot as they
can efficiently avoid these problems by releasing the miRNA lo-
cally at the tumor site. By locally delivering the miRNA to the
primary tumor site one can achieve superior transfection due
to higher bioavailability, and reduced toxicity caused by non-
specific uptake of the miRNA by normal healthy organs.[16] Other
advantages of injectable hydrogels include their tuneable prop-
erties, controllable degradation, high water content, and shear
thinning capabilities allowing them to be injected through a sy-
ringe to deliver miRNAs in a minimally invasive manner.[17] As
hyaluronic acid (HA) is biocompatible, non-immunogenic, and
Food and Drug Administration (FDA)-approved[18] hydrogel and
we have previously developed an HA-based microneedle plat-
form for non-invasive immunoregulation in skin transplants,[19]

we chose HA as our base hydrogel for the injectable delivery sys-
tem. We also developed poly-beta-amino-esters (pBAE) nanopar-
ticles as the intracellular delivery vehicle to deliver the miRNA as
they have low toxicity and high biocompatibility due to their back-
bone of repeating ester groups that are biodegradable through
hydrolysis in the cell cytoplasm.[20] Unlike lipid-based nanoparti-
cles, which encapsulate the miRNAs within the liposome or mi-
celle structure, pBAE polymeric chains electrostatically interact
with the RNA therapeutics as the nanoparticle is self-assembled,
allowing for higher encapsulation and loading efficiencies.[21]

Previous studies have demonstrated effective delivery of miR-
29b via intertumoral injection or local administration of miR-
29b via nanoparticle-mediated transfection.[10b,22] Both studies
demonstrated the therapeutic potential of localized miR-29b de-
livery at suppressing tumor growth in both prostate and cervical
cancer.[10b,22] Despite these promising results, no study has inves-
tigated the therapeutic potential of localized miR-29b delivery in
suppressing tumor growth in osteosarcoma.

With this in mind, the overall goal of this study was to in-
vestigate if localized delivery of pBAE nanoparticles containing
miR-29b to the primary tumor site, along with systemic deliv-
ery of chemotherapy, would suppress tumor growth whilst si-
multaneously providing the surrounding damaged bone the cues
needed to normalize bone homeostasis even in the presence of
chemotherapy (Figure 1). A pBAE nanoparticle delivery vector
was developed and tested to efficiently deliver miR-29b to both
osteosarcoma cells and surrounding stromal cells in vitro and
in vivo. Using our previously developed in vitro spheroid model
for osteosarcoma,[7] we validated the therapeutic capabilities of
miR-29b delivery in a controlled predictive model of the disease.
Upon developing a pre-clinical metastatic murine model for os-
teosarcoma, we investigated the antitumor efficacy of localized
delivery of miR-29b-complexes using an HA-based injectable sys-
tem to enable efficient, local and sustained release of miR-29b to
the primary tumor site. This allowed us to test the true thera-
peutic potential of the treatment in a diseased orthotopic model.
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Figure 1. Schematic of the proposed dual-therapeutic role localized delivery of miR-29b:pBAE nanoparticles have in treating osteosarcoma. This will
be achieved by inducing apoptosis in the tumor locally by restoring miR-29b expression within the tumor cells whilst simultaneously providing the
surrounding damaged bone the cues needed to normalize the dysregulation of bone homeostasis caused by both the chemotherapeutics and the tumor.
Created with Biorender.com.

The therapeutic potential was directly compared to and added as
a potential add-on to the current clinical gold standard of sys-
temic chemotherapeutic, Doxorubicin, to validate if the therapy
can normalize the dysregulation of bone homeostasis caused by
both the chemotherapeutics and osteosarcoma. Finally, as bone
morphogenic protein-2 (BMP-2) is known to be a strong inducer
of bone remodeling,[23] we directly compared our miR-29b treat-
ment to BMP-2 delivery and validated its ability to normalize
bone homeostasis and induce bone remodeling. We found that
when miR-29b was delivered along with systemic chemotherapy,
compared to chemotherapy alone, our therapy provided a signifi-
cant decrease in tumor burden (45% reduction in tumor volume),
an increase in mouse survival (50% survival went from 24 days to
32 days), and a significant decrease in osteolysis (75% reduction
in osteolysis) thereby normalizing the dysregulation of bone lysis
activity caused by the tumor. When directly compared to BMP-
2 delivery, miR-29b significantly reduced osteolysis caused by
the tumor and led to enhanced bone tissue distribution, even in
the presence of chemotherapy. Together, our study highlights the
therapeutic potential of miRNAs, specifically miR-29b, as a novel
therapeutic add-on to conventional chemotherapy for targeting
not only the primary tumor but also normalizing the dysregula-
tion of bone homeostasis in the surrounding damaged bone.

2. Results

2.1. Synthesis and Characterization of pBAE Nanoparticles

Synthesis of pBAEs was performed via a two-step procedure, as
previously reported.[24] First, the addition reaction of primary
amines to an excess of diacrylates was used to synthesize an
acrylate-terminated polymer (C6 polymer). Then, C6-CR3 poly-
mer was generated by reacting terminal acrylate groups from
C6 polymer with thiol-terminated arginine polypeptide (Figure
S1A, Supporting Information). C6-CR3 polymer was purified by
precipitation and its molecular structure was characterized by
1H-NMR. The chemical structure of the resultant polymer was
confirmed by the presence of signals associated with the conju-
gated arginine peptide (Figure S1B, Supporting Information). We
have previously confirmed that the C6-CR3 polymer was able to
efficiently complex different types of nucleic acids, from small
RNAi[20,25] to DNA plasmids.[26] Here, the miR-29b complexa-
tion efficacy using C6-CR3 polymer was evaluated by agarose gel
electrophoresis at different C6-CR3:miR-29b ratios (w/w). Com-
plexation of C6-CR3 polymer with miR-29b revealed free miR-
29b at ratios below 50:1 C6-CR3:miR-29b (w/w), while at a ratio
of 50:1 or higher complete miR-29b complexation was observed
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(Figure S1D, Supporting Information). At a 100:1 ratio, the av-
erage nanoparticle size was 151 ± 2 nm and the surface charge
was 5.6 ± 3.5 mV. The miR-29b nanoparticles were stable for
more than 5 days in phosphate buffer solution (PBS). In con-
trast, at lower polymer:miR-29b ratios the nanoparticle stability
was reduced (Figure S1E, Supporting Information). Therefore,
the 100:1 C6-CR3:miR-29b ratio was selected for the in vitro and
in vivo experiments.

2.2. PBAE-Nanoparticle-Mediated Transfection of Human MSCs
Induces a Pro-Osteogenic and Anti-Angiogenic Response Whilst
Transfection of Osteosarcoma Cells (Murine and Human)
Induces a Pro-Apoptotic Response Alone

To analyze what effect miR-29b delivery would have on hu-
man mesenchymal stem cells (MSCs), fluorescently labeled C6-
CR3 polymer was complexed with either miR-29b or scrambled
miRNA (20 nm, 8.3 μg mL−1) (Figure 2A). Following a 4 h trans-
fection with pBAE nanoparticles (Scramble; miR-29b), MSCs
were cultured in osteogenic medium for 7 days and then ana-
lyzed for DNA content and Annexin V/PI co-staining (biocom-
patability), alkaline phosphatase (ALP) Activity (pro-osteogenic
effect), and vascular endothelial growth factor (VEGF) release
(anti-angiogenic effect). Confocal imaging validated cellular up-
take of the pBAE nanoparticles 4 h after transfection (Figure 2B).
There was no significant difference in DNA content and flow cy-
tometry of apoptotic cell death corroberated this finding with no
significant difference in the percentage of cells undergoing apop-
tosis following miR-29b transfection. On the other hand,there
was a significant increase in ALP expression and a significant
decrease in VEGF release following miR-29b transfection when
compared to the non-transfected and scrambled controls (Fig-
ure 2C; Figure S2A,D, Supporting Information).

To understand what effect miR-29b delivery would have on os-
teosarcoma cells, human osteosarcoma cells (SaOS2) were trans-
fected with pBAE nanoparticles loaded with either scrambled
miRNA or miR-29b. Following a 4 h transfection period, the
cells were cultured in osteogenic medium for 3 days and then
analyzed for DNA content and Annexin V/PI co-staining (pro-
apoptotic effect), and ALP Activity. Confocal imaging validated
cellular uptake of the pBAE nanoparticles 4 h after transfec-
tion (Figure 2D). There was a significant decrease in DNA con-
tent following miR-29b transfection when compared to the non-
transfected and scrambled controls (Figure 2E). There was also
a trend toward an increase (p = 0.08) in the percentage of cells
undergoing early apoptosis (Q2) and a decrease in viable cells
(Q4) in SaOS2 cells 3 days post miR-29b transfection when com-
pared to the scrambled control (Figure S2B,D, Supporting Infor-
mation). There was no significant difference in ALP activity be-
tween all three groups (Figure 2E). Osteosarcoma cells released
negligible VEGF over the 3 days (data not shown).

Finally, a K7M2 cell line was chosen as it is considered highly
aggressive with a reported pulmonary metastatic rate of over 90%
in mice.[27] To ensure that miR-29b has a similar therapeutic re-
sponse in murine cells as it does in human osteosarcoma cells,
K7M2 cells were transfected with pBAE nanoparticles (Scram-
ble; miR-29b). Following a 4 h transfection period, K7M2 cells
were further cultured in osteogenic medium for 3 days and ana-

lyzed for DNA content, Annexin V/PI co-staining, and ALP Ac-
tivity. Confocal imaging validated cellular uptake of the pBAE
nanoparticles 24 h after transfection (Figure 2F). There was a sig-
nificant decrease in DNA content following miR-29b transfection
when compared to the non-transfected and scrambled controls as
previously seen with the human osteosarcoma cells (Figure 2G).
There was also a significant increase in the percentage of cells
undergoing early apoptosis (Q2, p = 0.03) and a significant de-
crease in viable cells (Q4, p = 0.04) in K7M2 cells 3 days post
miR-29b transfection when compared to the scrambled control
(Figure S2C,D, Supporting Information). There was also no sig-
nificant difference in ALP activity between the control and the
miR-29b or Scramble groups, however, there was a significant
decrease in ALP activity between the Scramble and the miR-29b
groups.

To understand the mechanism by which miR-29b delivery
induces selective apoptosis in the cancer cells, we treated SaOS2
cells with either miR-29b or Doxorubicin. We used Doxorubicin
treatment as a positive control as Doxorubicin is well-established
to induce intrinsic apoptosis[28] rather than extrinsic apoptosis
(Figure S3A, Supporting Information). First studying the extrin-
sic apoptosis genes both miR-29b and chemotherapy treatment
significantly downregulate FADD and Caspase 8 expression
compared to the untreated control (Figure S3B, Supporting
Information). On the other hand when we study the intrinsic
apoptotic genes both miR-29b and chemotherapy treatment fol-
low similar trends, albeit slightly less significant with miR-29b
treatment. Both miR-29b and chemotherapy significantly inhibit
BCL-2 expression (Figure S3B,C, Supporting Information) and
upregulate Bax expression leading to a significant increase in
the Bax/BCL-2 ratio, a known marker of intrinsic apoptosis. This
demonstrates that one potential mechanism in which miR-29b
delivery induces apoptosis is by initiating the intrinsic apoptotic
pathway.

2.3. Screening the Therapeutic Potential of miR-29b in a
Controlled Predictive Model of the Disease

Recently, there has been increased interest in the use of 3D cul-
tures to study the tumor microenvironment as they are more pre-
dictive of the in vivo situation.[7,29] With this in mind, osteosar-
coma tumor spheroids containing a co-culture of both MSCs
and osteosarcoma (SaOS2) cells were generated using a hydro-
gel microwell system[7] (Figure 3A). Following a 4 h transfec-
tion with pBAE nanoparticles (miR-29b, 20 nm), tumor spheroids
were further cultured in osteogenic medium± the FDA-approved
chemotherapeutic Doxorubicin (1.8 μm, the 50% inhibitory con-
centration (IC50) for SaOS2 cellsas previously determined[7]) for
7 days. Tumor spheroid growth was significantly hindered as
evidenced by a significant decrease in DNA content regardless
of transfection. In the absence of chemotherapeutics, miR-29b
transfection led to a significant increase in DNA content (Fig-
ure 3B). Flow cytometry data revealed that this increase in DNA
content was due to an increase in MSC proliferation or selec-
tive osteosarcoma cell apoptosis as the ratio of MSCs:SaOS2 cells
tripled following transfection (Figure 3C). This was further ver-
ified in the H&E and Live/Dead staining with significant in-
crease in extracellular matrix (ECM) production and positive dead
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Figure 2. PBAE-nanoparticle-mediated transfection of human MSCs and osteosarcoma cells in 2D culture. A) Schematic of the experimental setup.
Created with Biorender.com. B) Confocal images of human MSCs following 4 h transfection. C) DNA Content, ALP activity, and VEGF release over
7 days following transfection with miR-29b, or scramble-loaded pBAE nanoparticles. D) Confocal images of human osteosarcoma cells (SaOS2) following
4 h transfection with fluorescently labeled-pBAE nanoparticles. E) DNA Content and ALP activity over 3 days following transfection with miR-29b, or
scrambled miR-loaded pBAE nanoparticles. F) Confocal images of Wild Type K7M2 mouse osteosarcoma cells following 4 h transfection. G) DNA
Content and ALP activity over 3 days following transfection with miR-29b, or scramble-loaded PBAE nanoparticles. In all confocal images nuclei are
stained in blue, actin-cytoskeleton in green, and miR-29b pBAE nanoparticles in pink. All data is represented as mean ± standard deviation (SD);
n = 4/6. Statistical differences were assessed using one-way ANOVA. *p<0.05, **>0.01, ***p < 0.001, ****p < 0.0001.

staining present within the spheroids following miR-29b trans-
fection (Figure 3D; Figure S4B, Supporting Information). The cy-
totoxic effect of the Doxorubicin on tumor progression was not
hindered with the addition of miR-29b transfection, as evidenced
by reduced tumor spheroid size and significant increase in dead
staining present within the spheroids treated with Doxorubicin
(Figure S4B, Supporting Information).

Finally, we investigated what effect miR-29b transfection was
having at a gene level within our novel spheroid model. Looking
at the prognostic genes for osteosarcoma, there is a clear anti-
tumor effect when miR-29b was delivered to the tumor model.
This effect was equivalent to the addition of Doxorubicin, as evi-
denced by the significant reduction in known prognostic markers
MMP2 and MMP9[30] mRNA expression in the miR-29b group
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compared to the control (Figure 3E,F). Interestingly, there was a
significant increase in 𝛽-Catenin mRNA expression when miR-
29b was delivered alone (Figure 3G). As 𝛽-Catenin signaling also
plays an important role in osteogenesis this increase in expres-
sion may be due to the increased osteogenic differentiation of
the MSCs. MiR-29b delivery was seen to have an anti-angiogenic
effect regardless of the addition of Doxorubicin. This was seen
at both the gene (VEGF expression) and protein level (VEGF re-
lease) (Figure 3H,M). There was a significant decrease in TGF-
𝛽3 mRNA expression regardless of the addition of Doxorubicin
when the spheroids were transfected with miR-29b. As stud-
ies have shown that one of the mechanisms behind miR-29b
ability to induce osteoblast differentiation is by downregulating
TGF-𝛽3,[12] it validates the transfection efficiency of the pBAE
nanoparticles to deliver the miR-29b even in a 3D environment
(Figure 3I). Finally, as previously seen in our 2D in vitro cul-
ture studies, alizarin red staining revealed that miR-29b transfec-
tion led to a significant increase in mineralization in our tumor
spheroids. This was apparent even when the tumor spheroids
were also cultured in the presence of Doxorubicin (Figure 3D).
This was further verified at both the gene level (RUNX2, ALP,
Col1A mRNA expression) and protein level (calcium content)
(Figure 3J–L,N), verifying miR-29b delivery promotes bone re-
modeling.

2.4. Development of the Hyaluronan-Based Injectable System for
the Local and Sustained Release of pBAE:miR-29b Nanoparticles

After demonstrating the dual therapeutic role miR-29b deliv-
ery has in vitro, we tested its efficacy at suppressing tumor
growth whilst simultaneously normalizing the dysregulation of
bone homeostasis caused by both the chemotherapeutics and
the osteosarcoma within the surrounding bone. An HA-based in-
jectable system was developed to enable efficient, local, and sus-
tained release of either the pBAE:miR-29b nanoparticles or BMP-
2 (Figure 4A).

To form the HA-based hydrogel, HA primary amines were
reacted with the 8-arm-PEG-NHS crosslinker containing a
succinimidyl functional group, allowing for spontaneous hy-
drogel formation. The material properties revealed that the HA
hydrogel was a soft hydrogel with a compressive modulus of
171.55 Pa ± 39.62 with a relatively low swelling ratio reaching
an equilibrium swelling ratio of 1.3 (Figure S5A,B, Supporting
Information). The gelation kinetics demonstrated that once the
HA hydrogel and 8-arm-PEG-NHS crosslinker were mixed it
took ≈1 min for gelation to begin (61 s) and a further 19 s for
complete crosslinking to have occurred (Figure S5C, Supporting
Information). Therefore, the crosslinking speed from start to
finish of the hydrogel ≈1.2 min, thereby allowing for the delivery
system to be easily injected using a standard 25G needle. In

vitro release kinetics revealed that pBAE release from our HA
delivery system followed two phases (Figure 4B). The first phase
comprised of rapid release of ≈50% of the particles in the first
24 h, followed by a more sustained release reaching 100% after
15 days. The initial fast nanoparticle release is a result of the
increased swelling occurring within the hydrogel, providing
the first bolus release (Figure S5B, Supporting Information).
This is followed by sustained release of the physically entrapped
nanoparticles within the hydrogel upon hydrogel degradation,
which is more gradual as we have previously demonstrated with
other hydrogel delivery systems.[31] As HA-based hydrogels have
been successfully tested as injectable carriers ofBMP-2,[32] which
is widely known to induce bone remodeling[23] it was chosen as
the control to evaluate the pro-osteogenic potential of our miR-
29b:nanoparticles. In vitro release kinetics of the BMP-2 from
the same delivery vehicle revealed a burst release of BMP-2 in the
first three days with 42% of the overall concentration of growth
factor released in this time frame (Figure 4C), over the next 33
days in culture there is a slow release of BMP-2 with only another
10–12% release of the total growth factor during this time.

To analyze the biological activity of the miR-29b pBAE
nanoparticles post-release from the HA-based injectable sys-
tem we prepared the HA hydrogel with and without miR-29b
nanoparticles. We injected the hydrogels into a mold to create
hydrogel disks and cultured them in PBS for 6 days in normoxic
conditions (Figure S6A, Supporting Information). During this
time we collected the conditioned medium and following 6 days
of release analyzed the medium by fluorescence to calculate
the concentration of nanoparticles within the medium (Figure
S6B, Supporting Information). Once calculated we used this
medium to treat either human MSCs (pro-osteogenic) or SaOS2
cells (pro-apoptotic) to evaluate the miR-29b biological activity
after its release from the HA injectable system. Following 4
h of treatment with either conditioned medium taken from
hydrogels (± miR-29b pBAE nanoparticles) or fresh miR-29b
pBAE nanoparticles, the MSCs were further cultured for 7
days in expansion medium and analyzed for DNA content and
ALP Activity. A similar response was seen in the MSCs treated
with either fresh miR-29b pBAE nanoparticles or hydrogel plus
miR-29b pBAE nanoparticles leading to a significant increase
in ALP expression and MSCs proliferation compared to the
untreated control (Figure S6C,D, Supporting Information).
Interestingly, the HA hydrogel alone also led to an increase in
MSC proliferation but no change in ALP activity.

To assess the biological activity of the miR-29b pBAE on
osteosarcoma cells, human osteosarcoma cells (SaOS2) were
treated with the conditioned medium taken from hydrogels
(± miR-29b pBAE nanoparticles) or fresh miR-29b pBAE
nanoparticles. Following a 4 h transfection period, the cells were
cultured in expansion medium for 3 days and then analyzed for
DNA content and ALP Activity. Similar to MSCs when treated

Figure 3. Spheroid growth, cancer progression, and mineralization following miR-29b transfection in the presence/absence of Doxorubicin using 3D
tumor spheroid model of osteosarcoma. A) Schematic of the experimental setup. Created with Biorender.com. B) DNA content and C) analysis of the ratio
of MSCs+ to SaOS2+ cells present within the spheroids. D) H&E and Alizarin Red staining of the tumor spheroids following 7 days post-transfection.
Images taken at 20×. E–L) mRNA levels of MMP2, MMP9, 𝛽-Catenin, VEGF, TGF𝛽3, RUNX2, ALP and Col1A were analyzed by qRT-PCR. M) VEGF release
and N) calcium content present within the tumor spheroids. All data were obtained following a 7-day culture period post-transfection and are represented
as the mean ± SD; n = 6 (25 spheroids per experimental replicate) for biochemical assays; n = 3 (100 spheroids per experimental replicate) for PCR
analysis. Statistical differences were assessed using one-way ANOVA with Tukey post-test. *p < 0.04, **p < 0.007, ***p < 0.0005, ****p < 0.0001.
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Figure 4. Development of a hyaluronan-based injectable system for the local and sustained release of pBAE nanoparticles or growth factors. A) HA-
injectable hydrogel fabrication process: aqueous amine-modified HA (HA-SS-NH2) solution is crosslinked using the NHS-terminated 8-arm PEG
crosslinker. The final chemical structure of the injectable HA hydrogel is found in the final scheme. Created with Biorender.com. B) Cumulative re-
lease of pBAE nanoparticles from HA hydrogel over 15 days in vitro. C) Cumulative release of BMP-2 from HA hydrogel over 35 days in vitro. D,E)
Cumulative release of pBAE nanoparticles from HA hydrogel over 18 days following local administration of the HA hydrogel in orthotopic model for
osteosarcoma. All data are represented as mean ± SD; n = 4 for in vitro release and n = 8 for in vivo release.

Adv. Mater. 2023, 35, 2207877 2207877 (8 of 20) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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with a conditioned medium from the hydrogel alone, there was
a significant increase in SaOS2 cell proliferation, however, this
treatment also led to a significant increase in ALP activity in
SaOS2 cells (Figure S6E,F, Supporting Information). The addi-
tion of miR-29b pBAE nanoparticles to the hydrogel did lead to a
significant decrease in SaOS2 proliferation compared to the hy-
drogel alone however the pro-apoptotic effect was not as effective
as the fresh miR-29b nanoparticles.

Finally, using our newly developed metastatic murine model
for osteosarcoma (Figure S9, Supporting Information), we vali-
dated the injectability of our HA delivery system to non-invasively
deliver the pBAE nanoparticles to the primary tumor site. The
HA-based injectable system crosslinked in situ and allowed for
local and sustained delivery of the miR-29b to the primary tu-
mor site. Florescent IVIS imaging verified the in vitro release
kinetics profile with ≈100% of the nanoparticles released from
the HA hydrogel in ≈15–18 days post-implantation (Figure 4D).
IVIS imaging also demonstrated that when locally administered
there was focused delivery of miR-29b to the primary tumor site
as evidenced by the accumulation of the nanoparticles around the
tumor, with no downstream signal for any healthy organs (Fig-
ure 4E).

2.5. Localized miR-29b Delivery Supressed Tumor Growth Locally
and When Combined with Systemic Doxorubicin Significantly
Increased Survivability

Next, we assessed whether a combination therapy (systemic Dox-
orubicin and localized miR-29b) would suppress tumor growth
compared to either therapy alone using an orthotopic model for
osteosarcoma (Figure 5A). Systemic Doxorubicin of 2 mg kg−1

was administered intravenously twice a week over the course of 3
weeks and is equivalent to a dose of 6.5 mg m−2 given clinically.[33]

Tumor size was measured by luminescence and vernier calipers
twice a week for three weeks (Figure 5B,C). MiR-29b-treated mice
(miR-29b, miR-29b + Dox) showed significantly slower tumor
growth than all three controls (Figure 5B,C). When miR-29b
was delivered along with systemic chemotherapy, compared to
chemotherapy alone, our therapy provided a 45% reduction in
tumor volume over 15 days. This corresponded to a significant
increase in survival when compared to all three controls (Fig-
ure 5D). Specifically, when miR-29b was added to conventional
chemotherapy there was an increase in 50% survival—from
24 days (chemotherapy alone) to 32 days (combination therapy).
Furthermore, it was directly due to the miR-29b delivery and not
the HA hydrogel, as the hydrogel alone group had no effect on
tumor growth or survivability (Figure 5D).

2.6. Localized Delivery of miR-29b Significantly
Reduced Osteolysis Caused by Chemotherapeutics and the
Primary Tumor and Normalized Bone Homeostasis within the
Surrounding Damaged Bone Following Two Weeks of Treatment

We sought to assess what effect if any the local delivery of miR-
29b would have on the surrounding damaged bone. Our in vitro
studies demonstrated the miR-29b delivery promoted bone re-
modeling by inhibiting TGF-𝛽3 signaling thereby significantly

increasing the expression for a panel of well-established os-
teogenic genes. Our in vivo study cooperated with these find-
ings as μCT imaging, specifically around the primary tumor site
(Figure 6B, red box), revealed a significant increase in bone vol-
ume when compared to systemic chemotherapeutic alone or un-
treated controls. Thereby, verifying that miR-29b delivery normal-
izes the bone homeostasis within the surrounding damaged bone
by normalizing the dysregulation of bone lysis activity caused
by the growing tumor. A similar trend was seen but without
significance, in the same group when combined with systemic
chemotherapeutics (p = 0.066). There was on average 75% re-
duction in osteolysis when miR-29b was delivered along with sys-
temic chemotherapy, compared to chemotherapy alone. MicroCT
3D reconstructions and histological analyzes revealed the extent
of the osteolysis due to the growing tumors in the untreated con-
trols (No treatment, Hydrogel Alone) and clinical standard (Dox
Alone, Figure 6C,D). In the untreated controls and clinical gold
standard, it is clear that a sizable part of the tibia has been lysed
away in place of tumor, due to the dysregulation of bone home-
ostasis caused by the tumor. Furthermore, there is little to no
marrow cavity remaining in these groups (Figure 6D; denoted
by M). On the other hand, both miR-29b treated groups (miR-
29b and miR-29b + Dox) show slightly reduced tumor burden
with enhanced bone tissue distribution complete with functional
marrow cavities.

2.7. Systemic Doxorubicin and Localized miR-29b Delivery
Significantly Reduced Osteolysis and Better Maintained Normal
Bone Homeostasis in the Long-Term Compared to Local BMP-2
Delivery

To validate the clinical relevance of localized delivery of miR-29b
to induce bone remodeling and normalize bone homeostasis, the
therapeutic potential was directly compared to BMP-2 delivery,
which is widely known to induce bone remodeling.[23] A concen-
tration of 5 μg of BMP-2,[34] was loaded into the HA-based in-
jectable delivery system and following the 14-day inoculation pe-
riod was non-invasively injected around the primary tumor site.
MicroCT analysis was used to visualize and quantify bone forma-
tion around the primary tumor site pre-treatment (which corre-
sponds to 2 weeks after tumor induction), 2- and 4 weeks post-
treatment (which corresponds to 4 and 6 weeks after tumor in-
duction respectively). There was a trend toward increased bone
formation in both the BMP-2 and miR-29b groups (p = 0.5) com-
pared to their counterparts with combined systemic chemother-
apeutics (BMP-2 + Dox, miR-29b + Dox) 2-weeks post-treatment
(Figure 7B). MicroCT 3D reconstructions reveal that this increase
in bone volume is due to the presence of ectopic bone formation
surrounding the tibia. This was not present in the miR-29b+Dox
group (Figure 7D). Interestingly, there was more ectopic bone for-
mation observed surrounding the tibia (denoted by red arrows)
in the BMP-2 group when compared to the BMP-2 + Dox group
even though both groups received the same hydrogel with the
same concentration of BMP-2, the only difference was the addi-
tion of systemic Doxorubicin.

Despite the small number of animals which survived to the
4-week timepoint (n = 4 per group), a clear effect of the combina-
tion therapy on osteolysis was observed. There was an increase in
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osteolysis (measured by percentage change in bone volume/total
volume (BV/TV)) in both the BMP-2 and miR-29b groups from 2
to 4 weeks post-treatment (Figure 7C). In contrast, bone home-
ostasis was maintained in the BMP-2 + Dox and the miR-29b
+ Dox groups as bone volume remained the same in the BMP-
2 + Dox group, while there was a significant increase in bone
formation as bone volume was significantly increased from 2- to
4-weeks post-treatment in the miR-29b + Dox group. This was
further verified in the 3D reconstructions and histological ana-
lyzes (Figure 7D,E). A significant amount of ectopic bone for-
mation was present even 4 weeks post-treatment in the BMP-2
group. MicroCT reconstructions showed little change to the cor-
tical bone in the BMP-2 group but histological analysis revealed
little to no trabecular bone present within the cortical shell due
to tumor growth. The overall bone distribution was better main-
tained in the miR-29b group compared to the BMP-2 group, as
both cortical and trabecular bone were still present. A similar
trend was seen in the corresponding groups with combined sys-
temic chemotherapeutics (BMP-2 + Dox, miR-29b + Dox). Look-
ing at the bone architecture we can see a small amount of ec-
topic bone formation with only the cortical shell remaining in
the BMP-2 + Dox group. Conversely in the miR-29b + Dox group
superior bone distribution and architecture are observed in both
the cortical and trabecular bone (Figure 7E).

3. Discussion

Despite the distinct clinical need for more effective treatment
options, there have been no major improvements in the treat-
ment of osteosarcoma since the 1970s.[3] Furthermore, as os-
teosarcoma is such an aggressive disease, the surgical interven-
tion usually involves total reconstructions of the limbs or in most
cases amputation, despite this, most of the research to date has
focused on the prevention of metastases, with little attention to
bone repair or salvation. This study introduces for the first time
the therapeutic potential of miR-29b in inhibiting osteosarcoma
tumor growth as well as the immense potential of pBAE nanopar-
ticles as a therapeutic delivery vehicle to treat osteosarcoma when
delivered locally over time via an injectable adhesive hydrogel.
Furthermore, our study outlines a truly novel combination ther-
apy —systemic chemotherapy and localized miR-29b— to en-
hance the therapeutic potential of chemotherapy whilst simulta-
neously providing the surrounding damaged bone the necessary
cues for bone formation. The HA-based injectable delivery sys-
tem crosslinked in situ in a matter of minutes and allowed for
local and sustained delivery of the miR-29b to the primary tumor
site. The clinical translation of the hydrogel would allow clini-
cians to inject directly into the defect site during tumor resection,
as no UV or temperature is needed for cross-linking. Therefore,
this localized therapy has the potential to be integrated into the

current clinical treatment regimen as a potential add-on to con-
ventional chemotherapy to further improve clinical outcomes.

In the oncology field,miRNAs and their role in regulating can-
cer progression have been a revolutionary discovery over the last
decade.[35] Yet, there have only been 15 papers published since
2010 on miRNA delivery for the treatment of osteosarcoma.[36]

Herein, we developed a pBAE nanoparticle delivery vector and
tested its ability to efficiently deliver miR-29b to human and
murine osteosarcoma cancer cells and surrounding healthy stro-
mal cells in vitro in both 2D and 3D cultures. Specifically, we
demonstrated that the pBAE nanoparticles were significantly
more effective at delivering miRNA to osteosarcoma cells than
commercially available transfection reagent Lipofectamine (Fig-
ure S9, Supporting Information). This increase in transfection ef-
ficiency is due to the cationic nature of the nanoparticles, which
enables them to condense the negatively-charged miRNA more
efficiently than other polymeric-based nanoparticles.[26,37] Addi-
tionally, the cationic surface density (5.6 mV ± 3.5) of pBAE
nanoparticles also allowed for efficient cell internalization which
improved their endosomal escape due to the proton sponge ef-
fect. Furthermore, the pBAE backbone polymer contains ternary
amine groups which act as a buffer in the low pH environment
of endosomes, which further leads to its disruption, and release
of the encapsulated miRNA, resulting in more efficient delivery
than liposomal-mediated transfection.[26,37] As pBAE nanoparti-
cles have never been studied in the context of osteosarcoma this
vital information will be critical in the design of future gene de-
livery options for osteosarcoma patients.

One of the major limitations that impede the advancement
of miRNA therapy, is due to low delivery efficiency as a result
of poor penetration of miRNAs into the tumor tissues. There-
fore, we assess the penetrability of the pBAE particles by analyz-
ing their potential to deliver the miR-29b within a 3D spheroid
model of osteosarcoma.[7] The 3D spheroid model allowed for
spatial arrangement of the two cell types (MSCs, SaOS2) with
enhanced cell-to-cell contact and the ability to form prolifera-
tive gradients, hypoxia, and necrosis.[7,38] Furthermore, as certain
ECM components were found to be expressed at high levels in
3D spheroids, the model could effectively mimic the penetration
barriers seen in vivo, thereby allowing us to study the penetra-
tion, distribution, and uptake of the nanoparticles within these
models.[38–39] Previous studies have suggested that nanoparticles
that are capable of diffusing through pores between the colla-
gen fibrils, measured between 20–40 nm, are needed to pene-
trate compact tumors, or between 75–130 nm in size when pen-
etrating poorly organized tumors.[38,40] Yet, despite their larger
size (151 nm), our pBAE nanoparticles were capable of penetrat-
ing our tumor spheroids (≈0.28 mm in diameter[7]) after only
4 h of transfection, resulting in measurable changes at the ge-
nomic level within the two cells types (Figure 2). This increase

Figure 5. Localized miR-29b delivery suppressed tumor growth locally and when combined with systemic Doxorubicin significantly increased survivability.
A) Schematic of the developed metastatic orthotopic osteosarcoma mouse model including all the treatment groups. Created with Biorender.com.
B) Live imaging (IVIS) following inoculation with K7M2-Luc labeled osteosarcoma cells. C) Quantitative evaluation of tumor size calculated using the
following formulae (Width2 × Length)/2 at different time points. All data were obtained over 15 days following the various treatment regimens and are
represented as mean ± SD (n = 5/8 per group). Statistical differences were assessed using two-way ANOVA with a Tukey post-test. *p < 0.01, **p <

0.006, ***p < 0.0008, ****p < 0.0001. D) Kaplan–Meier survival curves of mice treated with the indicated formulation using a 1000 mm3 tumor volume
or poor body condition as the endpoint criterion. Statistical analysis was performed using a log-rank Mantel–Cox test. *p < 0.02, **p < 0.0018. The red
dashed line denotes a 50% survival rate.
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Figure 6. miR-29b delivery significantly reduced osteolysis due to tumor burden and led to an increase in bone volume after 2 weeks of treatment.
A) Schematic of the timeline for μCT analysis to assess osteolysis following treatment with miR-29b:nanoparticles. Created with Biorender.com.
B) Percentage change in bone volume pre versus post-treatment. All data are represented as mean ± SD; n = 5/8. Statistical differences were as-
sessed using a one-way ANOVA with a Tukey post-test. *p < 0.01. C) 3D reconstructions and X-rays images in the xy, yz, zx planes of the worst healers of
the μCT data for each group at following 2 weeks of treatment. D) Representative Goldner’s Trichrome-stained sections from all the experimental groups
which mice all had a similar endpoint (≈3 weeks post-treatment). Images were taken at 20×. B denotes remaining bone tissue, M denotes marrow, and
T denotes tumor.

in penetration may also be attributed to the cationic nature of the
pBAE nanoparticles. Previously, studies have shown that cationic
nanoparticles are significantly more effective in tumor growth in-
hibition than their anionic or neutral counterparts in a variety
of tumor models due to improved permeability and penetration
capabilities.[41] Furthermore, as the current process for testing
the effectiveness of nanoparticles relies greatly on animal mod-
els, our unique spheroid system provides useful insights into the
effectiveness of the pBAE nanoparticles in delivering the miR-

29b within the tumor microenvironment before conducting a full
pre-clinical in vivo study.

Dysfunction of miRNAs is often associated with tumor forma-
tion and progression as manipulation of the oncogenic pathways
can influence tumor progression.[16] Specifically, studies have
shown that miR-29b was significantly downregulated in osteosar-
coma tissues.[42] Previous in vitro studies have shown that miR-
29b delivery to osteosarcoma cells suppresses proliferation and
migration and induces cell apoptosis of osteosarcoma cells;[14]

Adv. Mater. 2023, 35, 2207877 2207877 (12 of 20) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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however, the mechanism by which miR-29b induces apoptosis
in osteosarcoma cells remains unclear. Our current study estab-
lishes that the delivery of miR-29b to the osteosarcoma cells,
where miR-29b is down-regulated or silenced, induces the in-
trinsic apoptotic pathway (Figure S3, Supporting Information) as
previously seen when delivered to other cancer cells,[10b,d,e,11] but
not in the context of osteosarcoma. It is well documented that
miR-29b-3p targets BCL-2 modifying factor (BMF)[43] and acts
as a proapoptotic factor that binds to the 3′-UTR of BMF. We
hypothesize that when miR-29b-3p is delivered to osteosarcoma
cells where miR-29b was not overexpressed, it inhibits BMF ex-
pression which in turn inhibits BCL-2 expression inducing in-
trinsic apoptosis within these cells. Interestingly, when miR-29b
is delivered to healthy cells, where its expression is normal, it led
to an overexpression of miR-29b, which had a pro-osteogenic ef-
fect on the cells. When miR-29b was delivered to the surrounding
healthy stromal cells, it induced cell proliferation and promoted
the pro-osteogenic effect (Figures 2 and 3).[44] There are many
studies that have characterized the role miR-29b plays in rela-
tion to tumorigenesis,[10] but only a few studies which have ex-
amined its role in osteogenesis.[12a,44,45] Specifically, studies have
shown that miR-29b is a positive regulator of osteoblast differen-
tiation by down-regulating inhibitory factors of osteogenic sig-
naling pathways and controlling expression of collagen in dif-
ferentiated osteoblasts.[12a] Our current study follows from this
by delineating the network of genes regulated by miR-29b and
demonstrating how this stimulatory effect is unaffected by the
addition of chemotherapeutics. Taken together, our study con-
firms the dual therapeutic role of miR-29b delivery by enabling
selective cancer-cell killing while simultaneously promoting os-
teogenesis in the surrounding healthy tissues.

Finally, in an orthotopic metastasis model for osteosarcoma,
we demonstrated the antitumor efficacy of localized delivery of
pBAE:miR-29b complexes using an HA-based injectable delivery
system. This therapeutic effect has previously only been shown in
prostate and cervical cancer,[10b,22] never in osteosarcoma. More-
over, delivery of the combined therapy (systemic Doxorubicin and
localized miR-29b) further improved preclinical outcomes, lead-
ing to a significant increase in 50% survival from 24 days to
32 days when compared to the current clinical gold standard of
systemic chemotherapeutics. This validates the plausibility of in-
troducing our novel localized miRNA therapy as a potential add-
on to conventional chemotherapy.

Yet, despite the promising results in reducing the tumor bur-
den locally, none of the animals were fully cured. This may in
part be attributed to the clinically relevant orthotopic model used
in this study. Over the last 5 years, there are over 20 journal
articles[46] investigating the divergent relationship between os-
teosarcoma elimination and bone regeneration, yet none of these
studies evaluated the dual-therapeutic potential of their therapy

in an orthotopic model. Instead, they utilize two different in
vivo models, a subcutaneous osteosarcoma tumor model (rather
than an orthotopic model), and a separate segmental bone defect
model in a healthy animal. Despite the fact that osteosarcoma
has been shown to manipulate the physiological bone remod-
eling process[47] so analyzing its ability to regenerate bone in a
healthy animal is not a true representation of what would hap-
pen if applied in the clinic. Only one research group has come
close by utilizing a tumor plague embedment method.[48] Yet, this
method still utilized a subcutaneous tumor model which does not
take into account the proper interactions between the tumor cells
and their normal bone/muscle/cartilaginous microenvironment.
This study is the first to evaluate the dual-therapeutic effect in a
clinically relevant orthotopic model for osteosarcoma.

Another mitigating factor may be the dosing regimen used in
this study. Only one dose of miR-29b was administered and al-
though there was a therapeutic response in the 15 days in which
the nanoparticles were being released, this did not lead to full
tumor elimination. Future studies aim to evaluate if a second
dose of miR-29b after 15 days may significantly increase its ther-
apeutic potential and prevent metastases. Furthermore, the in-
teraction of tumors and host immune systems has long been
recognized to be a critical aspect of tumor survival in malignan-
cies. Despite this, the relationship between tumor and host im-
mune microenvironment, their interactions, and opportunities
for exploitation of immune-mediated therapies remain poorly
defined in osteosarcoma.[49] Previous studies have shown that
chemotherapeutics like cisplatin and Doxorubicin, have the ca-
pacity to upregulate programmed death-ligand1 (PD-L1) expres-
sion on cancer cells and which in turn promotes antitumor im-
munogenicity, via activation of cytotoxic T cells.[50] We have also
previously shown in our lab that delivery of a Stimulator of Inter-
feron Genes (STING) agonist is effective therapy at eliminating
melanoma.[51] As metastasis was not the focus of this study, we
did not investigate any further combination therapies but future
studies will evaluate the synergistic potential of a triple therapy
of combining localized nanoparticle-mediated gene delivery with
systemic chemotherapy and immunotherapies like anti-PD1 or
STING.

Finally, although chemotherapy is effective in controlling can-
cer cell growth, it has also been shown clinically to disrupt bone
homeostasis,[6] resulting in a dysregulated bone lysis activity sig-
nificantly hindering the surrounding bone’s ability to regener-
ate following surgical intervention. Previously, we suggested that
BMP-2 delivery may not be an effective therapy to aid with the
regenerative capability of the damaged bone caused by excis-
ing the tumor while the patient is undergoing chemotherapy.[7]

Our study further corroborates these findings as when BMP-2
is delivered alone, ectopic bone formation is found surround-
ing the tibia, but when the same hydrogel loaded with the same

Figure 7. Localized delivery of miR-29b significantly reduced osteolysis and led to enhanced bone tissue distribution compared to clinical gold standard
BMP-2 delivery even in the presence of chemotherapeutics. A) Schematic of the timeline for μCT analysis to assess osteolysis following treatment with
miR-29b:nanoparticles versus BMP-2 delivery. Created with Biorender.com. B,C) Percentage change in bone volume pre- versus 2 weeks post-treatment
(B) and 2 weeks versus 4 weeks post-treatment (C) for all four treatment groups. All data is represented as mean ± SD; n = 5/8 (pre and 2-week post-
treatment), n = 4 (4 weeks post-treatment). Statistical differences were assessed using a one-way ANOVA with a Tukey post-test. *p < 0.01, **p<0.004,
***<0.0007. D) 3D reconstructed in vivo μCT analysis of the mouse tibias over the 4 weeks of treatment. The red arrowheads denote ectopic bone.
E) Representative Goldner’s Trichrome-stained sections from all the experimental groups which mice all had a similar endpoint. Images were taken at
20×. C denotes remaining cortical bone, T denotes remaining trabecular bone, E denotes ectopic bone formation.
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concentration of BMP-2 was delivered and combined with sys-
temic chemotherapeutics the stimulatory effect was significantly
diminished (Figure 7). Furthermore, the long-term effect on bone
homeostasis induced by the osteolytic tumor cannot be overcome
by miR-29b or BMP-2 alone as both groups saw a significant de-
crease in bone volume from 2 to 4 weeks post-treatment. It was
only when combined with systemic Doxorubicin that there was a
significant decrease in the osteolysis caused by the tumor by de-
creasing the tumor burden in these groups. However, it is clear
that both chemotherapy and the tumor itself can significantly
hinder bone’s ability to regenerate,[6c,d,52] and that this effect can-
not be overcome by standard osteogenic growth factors. Inter-
estingly, similar to what we demonstrated using our spheroid
model, the long-term effect of the combined therapy (systemic
Doxorubicin and localized miR-29b) significantly reduced oste-
olysis due to decreased tumor burden and maintained bone ar-
chitecture with little to no ectopic bone formation, even in the
presence of chemotherapeutics. This study demonstrates for the
first time the immense potential of miRNA delivery for normal-
izing bone homeostasis, as its pro-osteogenic effect is in no way
hindered by the addition of chemotherapeutics, unlike BMP-2 de-
livery. This may be due to the fact that growth factors regulate an
abundance of miRNAs, and by delivering specific miRNAs, one
can deliver the necessary cues directly to the cells, without being
affected by off-target toxic effects induced by the chemotherapeu-
tics. This anti-cancer and pro-osteogenic effect of miR-29b deliv-
ery may extend to other types of cancer. In multiple myeloma, for
example, elevated osteoclast activity together with impaired os-
teoblast function is commonly triggered by tumor cells that pro-
liferate in the bone marrow.[12b] Our miR-29b:pBAE nanoparti-
cles could potentially be delivered to not only treat the tumor cells
but also repair osteoblast function. Furthermore, as bone is one
of the most common locations of cancer cell metastasis, any ther-
apeutic that inhibits bone tumor growth whilst simultaneously
aiding in bone regeneration which the patient is undergoing
chemotherapy would significantly benefit not only osteosarcoma
patients but any cancer patients with bone metastases (breast,
lung, lymphoma, myeloma, prostate, and thyroid).[53]

Taken together, this study introduces the therapeutic poten-
tial of localized nanoparticle-mediated miR-29b delivery in sup-
pressing osteosarcoma growth whilst simultaneously providing
the surrounding damaged bone the cues needed to normalize the
dysregulation of bone homeostasis caused by tumor growth. A
smart delivery vehicle was developed to enable targeted, efficient,
local, and sustained delivery of miRNAs or growth factors, which
can easily be integrated when excising the tumor as a potential
add-on to conventional chemotherapy. This novel combined ther-
apy could further improve clinical outcomes by significantly re-
ducing primary tumor mass and providing vital information that
can inform the design of future combination therapies for these
young patients.

4. Experimental Section
Cell Culture: Human osteosarcoma cell line (SaOS2, HTB-85) and hu-

man mesenchymal stromal cells (MSCs, PCS-500-012) were commercially
purchased from ATCC. K7 murine osteosarcoma cell line (K7M2-WT, CRL-
2836) isolated from the proximal tibia of a BALB/c mouse was commer-

cially purchased from ATCC. Expansion of all cell types was conducted
in normoxic conditions and Expansion Medium [Dulbecco’s modified Ea-
gle medium (DMEM; Biosciences) supplemented with 10% fetal bovine
serum (FBS, Gibco), 1% penicillin (100 U mL−1) and 1% streptomycin
(100 μg mL−1) (Biosciences)], was changed twice weekly. Human MSCs
and osteosarcoma cells were used at the end of passage 5 for in vitro anal-
ysis and murine osteosarcoma cells were used at the end of passage 7 for
in vivo inoculation.

Synthesis of Poly-beta-amino-esters (pBAE) Polymers: Synthesis
of pBAEs was performed via a two-step procedure, as previously
described.[24] First, C6 acrylate-terminated polymer was obtained by the
addition reaction of 5-amino-1-pentanol (0.426 g, 4.1 mmol) and hexy-
lamine (0.422 g, 4.1 mmol) to 1,4-butanediol diacrylate (2.0 g, 9.1 mmol).
The reaction was carried out at 90 °C for 24 h. Second, C6 polymer was
end-capped with thiol-terminated arginine peptide (Cys–Arg–Arg–Arg) at
a 1:2.1 molar ratio in dimethyl sulfoxide (DMSO) in an overnight, room
temperature reaction. The resulting polymer was purified and collected
by precipitation in a mixture of diethyl ether and acetone (7:3). pBAE
polymer structure was confirmed by 1H-NMR (400 MHz Varian (NMR
Instruments, Clarendon Hills, IL, USA)). Polymerization was previously
confirmed by HPLC-SEC, and the resulting polymer had a weight-average
molecular weight of 2500 g mol−1 (relative to polystyrene standards) and
a polydispersity (Mw/Mn) of 1.81, showing a relatively broad statistical
distribution of polymer chain lengths.

miR-29b-pBAE-Nanoparticle Formation and Characterization: MiR-
29b:pBAE nanoparticles were performed by mixing equal volumes of
pBAEs polymer and miR-29b in 12.5 mm acetate buffer (AcONa) at
their appropriate concentration. Briefly, pBAE stock solutions in DMSO
(100 mg mL−1) were diluted in 12.5 mm AcONa at appropriate concentra-
tions to obtain the desired pBAE:miR-29b weight/weight ratio. The pBAE
polymer was added to a solution of miR-29b, incubated at room temper-
ature for at least 5 min, and precipitated in two volumes of PBS 1×. The
nanoparticles were purified by centrifugal filtration (10 kDa MWCO Ami-
con Ultra-4 mL Centrifugal Filters, Millipore), and filtered through a ster-
ile 0.22 μm membrane. The resulting nanoparticles were characterized by
an agarose retardation assay and dynamic light scattering (DLS). To as-
sess miR-29b retardation, different miR-29b-to-pBAE (Horizon Discovery,
miRIDIAN microRNA Human hsa-miR-29b-3p – Mimic) ratios (w/w) be-
tween 10 and 400 were studied. pBAE:miR-29b complexes were freshly
prepared and loaded in 2% E-Gel Precast Agarose Gels (Thermo Fisher),
run following the manufacturer’s instructions, and visualized in fluores-
cence mode. Biophysical characterization of nanoparticles was performed
using a ZetaSizer Nano ZS equipped with a He–Ne laser (𝜆 1/4 633 nm)
at a scattering angle of 137° (Malvern Instruments Ltd., Malvern, UK). Hy-
drodynamic diameter (nm), PDI, and surface charge of nanoparticles were
measured.

Cellular Uptake and Transfection Efficiency: To determine the optimum
concentration of pBAE nanoparticles and culture conditions for transfec-
tion, human MSCs were seeded onto 24 well plates with polymer cov-
erslip (Corning, P24-1.5P) at a seeding density of 2.6 × 104 cells cm−3.
pBAE:miRNA complexes were performed at a concentration of 100:1
miR29-b:pBAE ratio. After seeding, MSCs were transfected with 10 nm,
20 nm, or no pBAE nanoparticles loaded with (fresh expansion media)
for 4 h. Following transfection cells were either fixed overnight in 4%
paraformaldehyde for confocal imaging, or fresh media was applied (either
expansion medium or osteogenic medium [expansion medium + 100 nm
dexamethasone, 50 mg mL−1 ascorbic acid, and 10 mm 𝛽-glycerol phos-
phate; all Sigma-Aldrich]) and cultured for a further 7 days. After 7 days of
culture, ALP expression into the media was used as a measure of transfec-
tion efficiency. This was measured using a colorimetric assay of enzyme
activity (SIGMAFAST p-NPP Kit; Sigma Aldrich), which uses p-nitrophenyl
phosphate (pNPP) as a phosphatase substrate with ALP enzyme (Sigma
Aldrich) as a standard[54].

To validate the transfection efficiency of the pBAE nanoparticles the
transfection potential was directly compared to the commercially available
transfection reagent Lipofectamine (RNAiMAX, Thermofisher). Briefly, hu-
man MSCs were seeded at 2 × 104 cells cm−2 in a standard 24-well plate.
After seeding MSCs were transfected with 20 nm of either pBAE:miR-29b
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complexes for 4 h or 20 nm Lipfactamine:miR-29b complexes for 24 h. Fol-
lowing transfection fresh media was applied (either expansion medium or
osteogenic medium) and cultured for a further 7 days. ALP activity was
measured after 7 days of culture.

To validate the pro-osteogenic, anti-angiogenic potential of miR-29b
delivery, human MSCs were seeded at 2 × 104 cells cm−2 in a standard
24-well plate. Following seeding MSCs were transfected with 20 nm of ei-
ther pBAE:miR-29b (miR-29b) complexes or pBAE:siRNA (Scramble) com-
plexes (Qiagen, AllStars Negative Control siRNA) or cultured in standard
control medium (control) for 4 h. Following transfection fresh osteogenic
media was applied and the cells were cultured for a further 7 days. ALP
expression was measured after 7 days of culture. An enzyme-linked im-
munosorbent assay was used to quantify the levels of VEGF (Bio-Techne,
MN, USA) released by the cells. The cell culture media was analyzed fol-
lowing 7 days of culture. Assays were carried out as per the manufacturer’s
protocol and analyzed on a microplate reader at a wavelength of 450 nm
as previously described.[7,34a,55] To assess DNA content, cells were sub-
jected to cell lysis by three cycles of freeze–thawing in molecular-grade
water.[56] DNA content was measured using Quant-iT PicoGreen dsDNA
Assay (BD Biosciences), with calf thymus DNA as a standard as previously
described.[7,57]

To validate the apoptotic nature of miR-29b delivery to cancer cells hu-
man osteosarcoma cells (SaOS2) and mouse osteosarcoma cells (K7M2)
were seeded onto 24 well plates with polymer coverslip (Corning, P24-
1.5P) at a seeding density of 2 × 104 cells cm−3. pBAE:miR-29b (miR-
29b) and pBAE:siRNA (Scramble) complexes were prepared as mentioned
above and following seeding both cell types were transfected with 20 nm
of either complex or cultured in osteogenic medium (control) for 4 h. After
transfection, cells were either fixed overnight in 4% paraformaldehyde for
confocal imaging, or fresh media was applied and cultured for a further 3
days. ALP expression into the media was assessed after 3 days of culture.
DNA content was also measured as mentioned above following 3 days of
culture.

Flow Cytometry—Annexin V/PI Co-Staining: Human MSCs, SaOS2
cells, and K7M2 cells were seeded in a 24-well plate as described above.
Following seeding cells were with 20 nm of either pBAE:miR-29b (miR-29b)
complexes or pBAE:siRNA (Scramble) complexes (Qiagen, AllStars Neg-
ative Control siRNA) or cultured in standard control medium for 4 h. Fol-
lowing transfection fresh medium was applied to the transfected groups
and 1.8 μm of Doxorubicin (IC50 concentration previously determined[7])
was added to the media of the non-transfected group as a positive control.
Cells were further cultured for 3 days before Annexin V-PI double stain-
ing was performed following the manufacturer’s protocol (640919, BioLe-
gend, London, UK). Briefly, cells were washed twice with cold BioLegend’s
Cell Staining Buffer, and then resuspend cells in Annexin V Binding Buffer
at a concentration of 1.0 × 106 cells mL−1. Transferred 100 μL of the cell
suspension to the 5 mL tube and added 5 μL of APC Annexin V and 10 μL
of PI solution. Vortexed and incubated for 15 min at room temperature
in the dark before adding 400 of Annexin V Binding Buffer to each tube.
The cell suspensions were analyzed by flow cytometry using a BD LSR II
HTS-1 flow cytometer (BD Biosciences) to determine apoptosis. All data
were analyzed using Flowjo software (Flowjo LLC), gating strategy could
be found in Figure S7 (Supporting Information).

Osteosarcoma Spheroid Model: Microwells were created using a mold-
ing system as previously described[7,58] (Figure S4A, Supporting Infor-
mation). Briefly, sterile molten agarose solution (4% w/v) was pipetted
into a well of a 6-well plate, where custom-made 3D printed positive
molds were inserted. Once cooled, the positive mold was pulled from
the agarose, leaving 401 microwells within each well. All agarose microw-
ells were soaked overnight in DMEM prior to cell seeding. A 3:1 seeding
ratio of human MSCs to osteosarcoma cells (MSC:SaOS2) was used as
previously described.[7] Cells were seeded into the microwells by pipet-
ting an appropriate density (4000 cells per microwell) into each well. Af-
ter seeding, plates were centrifuged at 700 × g for 5 min to collect cells
at the bottom of each well. Plates were then incubated in an expansion
medium for 72 h to allow for formation of tumor spheroids. pBAE:miR-
29b nanoparticles were prepared as mentioned above and the osteosar-
coma tumor spheroids were either transfected with 20 nm concentration

of pBAE nanoparticles for 4 h or cultured in an expansion medium for 4 h.
Following transfection fresh media was applied and the tumor spheroids
were cultured under the following culture conditions for a further 7 days of
culture: 1] Control: cultured in osteogenic medium without transfection;
2] Control + Dox – cultured in osteogenic medium plus 1.8 μm of Doxoru-
bicin (IC50 concentration previously determined[7]) without transfection;
3] miR-29b: cultured in osteogenic medium and 4 h miR-29b transfection;
4] miR-29b + Dox: cultured in osteogenic medium plus 1.8 μm of Doxoru-
bicin and 4 h miR-29b transfection.

After 1 week, tumor spheroids were liberated from the microwells as
previously described.[7] Spheroids were prepared in one of the following
ways: 1) snap-frozen and stored at −80 °C for DNA analysis; 2) harvested
and aliquoted for flow cytometry; 3) snap-frozen using liquid nitrogen and
stored at −80 °C for PCR analysis, or 4) embedded within 2% agarose and
fixed overnight in 4% paraformaldehyde before being placed in PBS and
refrigerated for histochemical analysis.

DNA Analysis: To assess DNA content for all constructs, 0.5 mL of
papain digestion buffer (100 mm sodium phosphate buffer containing
10 mm l-cysteine [Sigma-Aldrich], 125 μg mL−1 papain [Sigma-Aldrich],
and 5 mm Na2EDTA [Sigma-Aldrich] in ddH2O at pH 6.5) was added to
the spheroids that were placed on a rotator in an oven at 60 °C overnight,
as previously described.[7] Once the spheroids were digested, DNA con-
tent was performed using Quant-iT PicoGreen dsDNA Assay.

Calcium Deposition: Calcium deposition within the tumor spheroids
was measured using the Calcium LiquiColor Test (Stanbio Laboratories)
according to the manufacturer’s protocol. Briefly, a cell lysate was prepared
by digesting the spheroids in a 0.5 m hydrochloric acid solution at 60 °C
overnight, as previously described.[7,57]

PCR Analysis: RNA from spheroids (MSCs spheroids, SaOS2
spheroids, or co-culture spheroids) was extracted using Trizol Reagent
and assessed for concentration and purity using the NanoDrop 2000c
UV–vis spectrophotometer. RNA was equalized and reverse transcribed
using the Applied Biosystems High-Capacity cDNA reverse transcription
kit. Real-time PCR was carried out on triplicate cDNA samples with the
use of the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Lab-
oratories, California). Real-time PCR for the detection of MMP2, MMP9,
𝛽-Catenin, BCL-2, Caspase 9, Caspase 3, and BAX mRNA was performed
using the TaqMan fast universal PCR Master Mix (Applied Biosystems)
and predesigned TaqMan gene expression primers. mRNA amounts were
normalized relative to the housekeeping gene Ribosomal Protein 18s.
For the assessment of growth factor gene expression Sigma primers for
VEGF, RUNX2, Col1A, TGF𝛽3, and ALP (Table S1, Supporting Informa-
tion) were used, and mRNA amounts were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as housekeeping gene.

Flow Cytometry—Cell Tracking: Prior to cell seeding MSCs and SaOS2
cells were stained with cell tracker dyes; QTracker705 and QTracker585
(Thermo Fisher), respectively, as previously described.[7] Cells were
seeded and transfected and cultured for a further 7 further days under
their respective culture conditions. Following 1 week of cultures, spheroids
were harvested and aliquoted into triplicates such that there was a mini-
mum of 100 spheroids per sample. A single-cell suspension was created
by incubating the tumor spheroids with 0.25% Trypsin-EDTA at 37 °C for
15 min. Following 1 wash with PBS, cells were stained with LIVE/DEAD
Fixable Near–IR fluorescent dye (L10119,

Thermo Fisher) according to the manufacturer’s instructions. Follow-
ing fixation, the cell suspensions were analyzed by flow cytometry using a
BD LSR II HTS-1 flow cytometer (BD Biosciences) to determine the ratio
of MSC+ to SaOS2+ cells for each culture condition. All data were ana-
lyzed using Flowjo software (Flowjo LLC), gating strategy could be found
in Figure S7 (Supporting Information).

Histology: Following embedding within 2% agarose and fixation,
overnight samples were dehydrated and embedded in paraffin using an au-
tomatic tissue processor (ASP300; Leica, London, UK). All samples were
sectioned at a thickness of 6 μm using a rotary microtome (Leica). Sections
were stained with H&E and 2% Alizarin Red solution (all Sigma-Aldrich).

Preparation of Transfected Wild-Type K7M2 Cells: K7M2 WT cells were
seeded into a 96-Well White/Clear Bottom Plate (Thermo Fisher, 165306)
at a seeding density of 2 × 104 cells in 100 μL per well. To determine the
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optimum transfection ratio multiple complexes were created (1.5:1, 3:1,
6:1) using ViaFect Transfection reagent (Promega, E4981) and pGL4.51
[luc2/CMV/Neo] plasmid vector (Promega, E1320) as per the manufac-
turer’s specifications and incubated with K7M2 cells for 24 h. Following
24 h of incubation the cells were washed twice with PBS and fresh medium
was added to the cells after which they were further cultured for another
48 h. The selective drug Geneticin-418 (Thermo Fisher, 10131035) was
then added at a concentration of 200 μg mL−1 to kill non-transfected
cells. To validate transfection and determine optimum transfection ratio
in vitro bioluminescence imaging was performed. Briefly, a 200× Luciferin
stock solution (30 mg mL−1) was prepared in sterile water. From that
stock solution, a 150 μg mL−1 working solution was prepared in an ex-
pansion medium. The working solution was added directly onto the trans-
fected K7M2 cells and bioluminescence was measured using Infinite M
Plex (Tecan) plate reader every 10 min, up to 40 min to determine the ki-
netic curve and find the peak imaging timepoint for the cells (Figure S8A,
Supporting Information).

For in vivo inoculation transfected K7M2 osteosarcoma cells were pre-
pared by seeding 6 × 105 cells into each well of a six-well plate. A 6:1 trans-
fection ratio complex was created as was deemed the optimum transfec-
tion ratio and the K7M2 cells transfected with the luciferase reporter as
described above.

To assess the stability of the luciferase reporter in vitro bioluminescence
imaging was performed on the transfected K7M2 cells for multiple cell
passages (Figure S8B, Supporting Information). Passage two transfected
cells were used for orthotopic implantation.

Development of Metastatic Osteosarcoma Murine Model: All mouse
procedures were conducted at the Koch Institute for Integrative Cancer
Research at the Massachusetts Institute of Technology (MIT) under the
protocol approved for this study by the Institutional Animal Care and Use
Committee (IACUC). To assess the optimum concentration of osteosar-
coma cells needed to induce tumor formation, two concentrations of
transfected K7M2 cells were evaluated 0.3 × 106 cells and 1 × 106 cells.[27]

Six female BALB/c mice (3 0.3 × 106 cells, 3 1 × 106 cells) aged 6 weeks
underwent inoculation with either of the cell concentrations (Figure S9,
Supporting Information). Briefly, the BALB/c mice were anesthetized us-
ing 2% isoflurane. Analgesia, slow-release buprenorphine (1 mg kg−1) was
administered subcutaneously. A small incision into the skin above the tib-
ial plateau was made and the muscle was dissected away. A small hole was
created on the tibial plateau into the medullary canal using a 26G needle.
10 μL of the luciferase labeled K7M2 cells at either concentration was in-
jected into the proximal tibia using a 27G Hamilton syringe.

Synthesis of Amino-Modified Hyaluronic Acid (HA-SS-NH2): Synthesis
of HA-SS- NH2 was performed as previously described.[59] Briefly, 60 kDa-
sodium hyaluronate (1% w/v in MES buffer) was modified with cysteamine
dihydrochloride through N-(3-(dimethylamino)propyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) chemistry. The reaction was
performed at room temperature for 12 h. The product HA-SS-NH2 was
purified by dialysis, freeze-dried, and stored at −20 °C. HA-SS-NH2
polymer structure was confirmed by 1H-NMR (400 MHz Varian (NMR
Instruments, Clarendon Hills, IL, USA)).

Development of a Hyaluronic Acid (HA) Injectable Delivery System:
Amine-modified hyaluronic acid was dissolved in phosphate buffer
(pH = 7.4) containing the miR-29b-pBAE nanoparticles to obtain a 10%
(w/v) HA solution. 8-arm-PEG-NHS crosslinker was also dissolved in
phosphate buffer (pH = 7.4) to obtain a 10% (w/v) solution. For in vitro,
the two polymer solutions were vigorously mixed together for 10 s inside
cylindrical plastic molds (diameter: 5.00 mm; height: 2.50 mm). Hydrogel
disks were allowed to react for 5 min to ensure full gelation. For in vivo, the
two polymer solutions were loaded in a double-channel syringe coupled to
a mixer allowing the hydrogel formation once injected.

Characterization of HA Injectable Delivery System: To measure the
swelling ratio of the hydrogel, the two polymer solutions were vigor-
ously mixed together for 10 s inside cylindrical plastic molds (diameter:
5.00 mm; height: 2.50 mm). Hydrogel disks were weighed and then placed
in 1 ml of PBS. At each time point (15 min, 30 min, 1, 2, 4, 8, and 24 h)
the disks were weighed before being placed back into the PBS.

To measure the gelation kinetics of the hydrogel, hydrogel disks were
formed on cylindrical molds as described above and timed from initial mix-
ing, the start of the gelation, and finally until the disks were fully formed
and cross-linked. The cross-linking was deemed finished when the hydro-
gel disks could be easily removed from the mold.

To measure the compressive modulus of the hydrogel, hydrogel disks
were formed on cylindrical molds as described above. Disks were placed
in the Universal Testing Machine (Instron, 6800 Series Universal Testing)
and a compression test was performed following the protocol from the
manufacturer, with a ramp of 2 N up to 100 N. The compression test was
analyzed with Bluehill Universal (v4.13, Instron) and origin (v9.8, Origin-
Lab). Compressive modulus was calculated with the slope within the linear
section of the strain–stress curve, ranging between 5–15%.

Cellular Uptake and Biological Activity of miR-29b after Release of
Nanoparticles from HA Injectable Delivery System: To ensure that the miR-
29b is still functional following loading within the HA injectable deliv-
ery system the cellular uptake and biological activity of miR-29b were
assessed. Briefly, the HA delivery system loaded with either pBAE:miR-
29b (Hydrogel + miR-29b NPs) complexes or PBS (Hydrogel alone) was
prepared. The hydrogels were injected into cylindrical plastic molds (di-
ameter: 5.00 mm; height: 2.50 mm) to create hydrogel disks and were
cultured in PBS for 6 days in normoxic conditions. During this time the
conditioned medium was collected and after 6 days of release analyzed
the medium for fluorescence using a standard curve to calculate the con-
centration of nanoparticles within the medium. SaOS2 cells and human
MSCs were seeded at 2 × 104 cells cm−2 in a standard 24-well plate. After
seeding, cells were transfected for 4 h with the release of the hydrogels
with 20 nm of pBAE:miR-29b complexes or the equivalent of empty hydro-
gels and 20 nm of fresh pBAE:miR-29b (miR-29b NPs alone) complexes
as a positive control. ALP expression and DNA content were assessed in
MSCs after a further 7 days of culture and in SaOS2 cells after a further 3
days of culture as described above.

Surgical Procedure: Forty female BALB/c mice aged 6 weeks under-
went inoculation with 0.3 × 106 K7M2-Luc cells according to the same
protocol as mentioned above. The average mouse weight was 18.5 g at
the time of inoculation. Palpable tumors were allowed to form for two
weeks and once a suitable-sized tumor has formed, the animals (n = 8)
were randomly assigned into different treatment groups: 1] No Treatment:
Tumor cell inoculation with no further treatment; 2] Dox Alone: Tumor cell
inoculation plus tail vein (i.v.) injection of Doxorubicin (Fisher, BP2516-10)
2 mg kg−1 biweekly for three weeks; 3] Hydrogel Alone: mice were anes-
thetized with 1–2% isoflurane and non-invasively 100 μL of HA hydrogel
were injected around the tumor site; 4] miR-29b: mice were anesthetized
with 1–2% isoflurane and non-invasively 100 μL of HA hydrogel loaded
with fluorescently-labeled (640 ex, 680 em) pBAE:miR-29b nanoparticles
(750 μg kg−1 miR-29b) was injected around the tumor site. This concen-
tration of miR-29b had previously been shown to significantly reduce tu-
mor growth in non-small-cell lung cancer;[60] 5] miR-29b + Dox: mice
were anesthetized with 1–2% isoflurane and non-invasively 100 μL of
HA hydrogel loaded with fluorescently-labeled pBAE:miR-29b nanopar-
ticles were injected around the tumor site. Following hydrogel implan-
tation mice were treated with i.v. injection of Doxorubicin (2 mg kg−1)
biweekly for three weeks. Thirty-one out of forty mice grew primary
tumors.

The tumor size was measured twice a week via caliper measurements,
and the tumor volume was calculated using the following formulas: leg
volume = length × (width)2 × 0.5; tumor volume = leg Volume on day
X/leg Volume on day 0. Body weight was measured contemporaneously
with tumor volume. Mice were euthanized when tumors reached a vol-
ume of 1000 mm3 or for otherwise poor body conditions. Nine mice were
removed from the study as no bioluminescent signal was recorded and no
palpable tumor formed in these mice in the 45 days following tumor cell
inoculation.

Bioluminescence (BLI) Imaging: Briefly, mice were shaved and then
anesthetized with 1–2% isoflurane using a calibrated vaporizer inside
an IVIS Spectrum (PerkinElmer). Non-invasive longitudinal monitor-
ing of tumor progression and nanoparticle release was followed by
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scanning mice with the IVIS Spectrum-bioluminescent and fluorescent
imaging system (PerkinElmer). Luciferin (150 mg kg−1) was injected intra-
peritoneally and at each time point, a kinetic curve was performed to deter-
mine the peak signal time (≈15–20 min). Whole-animal bioluminescent
and fluorescent imaging was performed biweekly for 18 days following
treatment.

X-ray Microtomography (μCT): Micro-CT images of the tibias were per-
formed in Skyscan 1276 (Bruker) μCT pre-treatment, 2- and 4-weeks post-
treatment to monitor osteolysis and metastasis. Briefly, mice were anes-
thetized with 1–2% isoflurane using a calibrated vaporizer inside a Skyscan
1276 μCT and noninvasively imaged. Scans were performed using a voxel
resolution of 16 μm. Data were analyzed using ImageJ BoneJ plugin.

Histological Analysis: All of the tibias were removed from the mice at
their respective endpoints and fixed overnight at 4 °C in 10% formalin.
Tibias were also decalcified for 1 week before tissue processing. All sam-
ples were dehydrated and embedded in paraffin using an automatic tis-
sue processor (Leica ASP300, Leica). All samples were sectioned with a
thickness of 8 μm using a rotary microtome (Leica Microtome RM2235,
Leica). Sections were stained with H&E to assess tumor growth or Gold-
ner’s Trichrome to assess bone regeneration.

BMP-2 Delivery: To validate the clinical relevance of localized delivery
of miR-29b to induce bone remodeling within the bone and normalized the
dysregulation of bone homeostasis caused by the tumor and chemother-
apeutics, the bone formation potential was directly compared to BMP-2
delivery which was known to induce bone formation. Sixteen BALB/c mice
aged 6 weeks underwent inoculation with 0.3 × 106 K7M2 cells according
to the same protocol as mentioned above. Once a suitable-sized tumor
had formed, the animals (n = 8) were randomly assigned into two differ-
ent treatment groups: 1] BMP-2: mice were anesthetized with 1–2% isoflu-
rane and non-invasively 100 μL of HA hydrogel loaded with 5 μg BMP-2[34]

(Peprotech, 120-02) were injected around the tumor site; 2] BMP-2 + Dox:
mice were anesthetized with 1–2% isoflurane and non-invasively 100 μL of
HA hydrogel loaded with were injected around the tumor site. Following
hydrogel implantation mice were treated with i.v. injection of Doxorubicin
(2 mg kg−1) biweekly for three weeks. Tumor volume and body weight were
measured every other day. Six mice were removed from the study as no bi-
oluminescent signal was recorded and no palpable tumor formed in these
mice in the 45 days following tumor cell inoculation.

BMP-2 Enzyme-Linked Immunosorbent Assay (ELISA): For in vitro
BMP-2 release studies, the two polymer solutions (loaded with 5 μg BMP-
2) were vigorously mixed together for 10 s inside cylindrical plastic molds
(diameter: 5.00 mm; height: 2.50 mm). Hydrogel disks were allowed to
react for 5 min to ensure full gelation. The hydrogels were then cultured
in expansion media for 35 days in culture. A BMP-2 ELISA (R&D systems)
was used to quantify the levels of BMP-2 released by the hydrogels. The
cell culture media were analyzed at the specific time points detailed above.
Assays were carried out per the manufacturer’s protocol and analyzed on
a microplate reader at a wavelength of 450 nm.

Statistical Analysis: Results were expressed as mean ± standard de-
viation. Statistical analysis was performed using the following variables:
1) when there were two groups and one time-point a standard two-tailed
t-test was performed; 2) when there were more than two groups and one
time-point a one-way analysis of variance (ANOVA) was performed; and
3) when there were more than two groups and multiple time points a
two-way ANOVA was performed. For in vivo studies, multiple compar-
isons among groups were determined using Kruskal–Wallis test with un-
corrected Dunn’s test. Kaplan–Meier survival curve statistical analysis
was determined using the two-tailed Mantel–Cox test. No specific pre-
processing of data was performed prior to statistical analysis. All analyzes
were performed using GraphPad (GraphPad Software, La Jolla California
USA, http://www.graphpad.com). For all comparisons, the level of signif-
icance was p ≤ 0.05.
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the author.
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