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ARTICLE INFO ABSTRACT

Keywords: Aggressive benign, malignant and metastatic bone tumors can greatly decrease the quality of patients’ lives and
Bone substitutes even lead to substantial mortality. Several clinical therapeutic strategies have been developed to treat bone
Bone tumor

tumors, including preoperative chemotherapy, surgical resection of the tumor tissue, and subsequent systemic
chemo- or radiotherapy. However, those strategies are associated with inevitable drawbacks, such as severe side
effects, substantial local tumor recurrence, and difficult-to-treat bone defects after tumor resection. To overcome
these shortcomings and achieve satisfactory clinical outcomes, advanced bifunctional biomaterials which
simultaneously promote bone regeneration and combat bone tumor growth are increasingly advocated. These
bifunctional bone substitute materials fill bone defects following bone tumor resection and subsequently exert
local anticancer effects. Here we describe various types of the most prevalent bone tumors and provide an
overview of common treatment options. Subsequently, we review current progress regarding the development of
bifunctional bone substitute materials combining osteogenic and anticancer efficacy. To this end, we categorize
these biomaterials based on their anticancer mechanism deriving from i) intrinsic biomaterial properties, ii) local
drug release of anticancer agents, and iii) oxidative stress-inducing and iv) hyperthermia-inducing biomaterials.
Consequently, this review offers researchers, surgeons and oncologists an up-to-date overview of our current
knowledge on bone tumors, their treatment options, and design of advanced bifunctional biomaterials with
strong potential for clinical application in oncological orthopedics.
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Despite the low prevalence of primary bone cancers (corresponding
to ~1% of all cancers [5]), bones are the most common metastatic site

1. Introduction

Cancer is a leading cause of human death, responsible for 1 out 6
deaths globally in 2018 [1]. With the modernization of society and the
improvement of living standards, many risk factors and external stimuli,
including obesity, irregular diet, social psychological stress, smoking,
drug abuse and air pollution, have increased the prevalence of cancer
[2]. In 2019, more than 16.9 million people in the US alone were
diagnosed with cancer, and this number is estimated to reach 22.1
million per annum by 2030 [3]. The most prevalent cancers include
lung, prostate, breast, colorectal and liver cancers. Although bone can-
cers occur less frequently, malignant bone tumors are quite lethal and
malignant primary bone tumors occur disproportionally often in young
people [4].

for primary cancers originating elsewhere in the human body [6]. The
incidence of bone metastases varies with the type of primary malignant
cancer, for which the incidence of bone metastases was 88.7% for pa-
tients with primary prostate cancer and 53.7% for patients with primary
breast cancer, respectively [7]. Additionally, the incidence of bone
metastases among patients with primary malignant lung cancer ranged
from 4.1% to 36.9% for different lung cancer subtypes [8].

Primary bone tumors and bone metastases can increase the risk of
serious skeletal-related complications, such as pain, joint movement
disorders and pathological fractures, and hence seriously impair a pa-
tient’s quality of life [9-11]. Primary bone tumors and bone metastases
can further decrease the mechanical and functional quality of the bone
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[12,13]. Consequently, patients suffering from malignant bone tumors
and bone metastases are more susceptible to pathological bone frac-
tures, severe anemia, loss of appetite, fever, and weight loss, all of which
seriously affect the quality of life and survival rate for the patient.

2. Primary and secondary bone cancers

Bone cancers can be generally divided into two categories: primary
bone tumors and secondary bone tumors [14]. Primary bone tumors
originate from bone tissue itself or its surrounding tissues. In contrast,
secondary bone tumors develop from metastasizing cancers originally
established in other tissues elsewhere in the body [15] (Fig. 1). Primary
bone tumors can be further classified into three types: benign bone tu-
mors, aggressive benign bone tumors and malignant bone tumors.
Common benign bone tumors are neither locally invasive nor metastatic.
In most cases, patients suffering from common benign bone tumors are
asymptomatic and only show clinical symptoms when
mechanical-overloading complications occur [16]. The most common
types of benign bone tumors are osteoid-osteoma and osteochondroma.
Differently, aggressive benign bone tumors can lead to lytic bone le-
sions, bone expansion, and rarely invade the local surrounding tissues.
The invasive capacity of aggressive benign bone tumors is intermediate
between non-invasive common benign bone tumors and invasive ma-
lignant bone tumors. One of the most prominent representatives of
aggressive benign bone tumors is the giant cell tumor of bone (GCT)
[17]. Malignant bone tumors display characteristics of distant metas-
tases. Moreover, malignant bone tumors are highly fatal. Before the
advent of adjuvant chemotherapy, the overall 5-year survival rate for
patients suffering from malignant bone tumors was less than 20% [18].
However, with the development of advanced adjuvant chemotherapy,
surgery and imaging techniques, the overall 5-year survival rate for
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these patients has meanwhile increased to 53-65% [19,20].

The three common types of primary bone tumors have different
preferential sites. Benign bone tumors such as osteoid-osteoma and
osteochondroma usually establish in the lower limbs [21]: half of the
osteoid-osteomas establish in the femur and tibia [22], and osteochon-
droma predominantly establishes in the metaphysis of the long tubular
bones such as the distal femur and proximal tibia. For aggressive benign
bone tumors like GCT, the most common sites are the distal femur,
proximal tibia, and distal radius. Aggressive benign bone tumors can
cause bone lesions in the metaphysis of long bone and invade the sub-
chondral bone [23]. Additionally, malignant bone tumors mostly occur
in the femur and tibia, which can cause massive bone lesions and pro-
gressively invade the surrounding soft tissue. Imaging-based examina-
tion is the dominant diagnostic method for primary bone tumors [24].
Most of the benign bone tumors can be diagnosed by characteristic
appearance via x-ray imaging without the need for a biopsy for verifi-
cation [25]. Computed tomography (CT) and magnetic resonance im-
aging (MRI) are more frequently used in the diagnosis of malignant bone
tumors [26,27]. MRI is mainly used to determine the local extent and
surgical stage of a malignant bone tumor [28], which is critical to the
operative design for tumor resection [29,30]. High resolution
CT-imaging can aid surgeons in grading malignant bone tumors and
detecting initial metastatic lesions [31,32]. Furthermore, after surgical
tumor resection, the use of MRI and CT allows for monitoring the local
tissue response to postoperative chemotherapy and the detection of local
tumor recurrence [33,34].

Secondary bone tumors arise from metastasizing cancers derived
from other tissues elsewhere in the body. Secondary bone tumors are by
far the most common type of malignant tumors treated by orthopedic
surgeons [35]. In contrast to the ~10.000 new cases of primary bone
tumors each year, over 1.000.000 new patients are diagnosed with
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Fig. 1. Schematic representation of common primary bone tumors, secondary bone tumors, and their typical prevalence at different locations in long bones. Common
primary bone tumors can be categorized into benign bone tumors (osteoid-osteoma, enchondroma and osteochondroma), aggressive benign bone tumor (giant cell
tumor) and malignant bone tumors (osteosarcoma, Ewing’s sarcoma, and chondrosarcoma). Osteoid-osteoma is an osteogenic bone tumor that is composed of bone-
like tissue and immature trabecular bone, and occurs in the diaphysis of the femur and tibia. Enchondroma and osteochondroma are mainly composed of immature
cartilaginous tissue and malformed cortical bone, and mainly occur in the metaphysis of long tubular bone (distal femur or proximal tibia). Giant cell tumor is an
osteolytic bone tumor which can cause local malignant transformation or lung metastasis, and occurs in the epiphysis of the femur and tibia. Primary malignant bone
tumors such as osteosarcoma, chondrosarcoma and Ewing’s sarcoma are not only osteolytic and locally invasive, but also distantly metastatic, which mostly occur in
the femur and tibia. Common secondary bone tumors arise from metastasizing prostate, breast and lung cancers (89%, 54% and 4-37%, respectively), and generally

occur in distal femur and proximal tibia (created in BioRender.com).
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common cancers every year in US, and more than 50% of these latter
patients will develop bone metastases before they die [6,36,37]. Most
secondary bone tumors originate from metastasizing prostate or breast
cancers, and to a lesser extent from lung and kidney cancers [8]. Current
options for treatment of bone metastases are only temporarily effective,
because metastatic disease is ultimately an incurable condition and
current treatments are only palliative.

3. Current standard-of-care for bone tumor treatment

After confirmation of the diagnosis of a primary bone tumor based on
typical symptoms and radiological investigations, surgical staging of
bone tumors is often evaluated by a multidisciplinary team consisting of
a surgeon, radiologist, pathologist and oncologist to define the optimal
treatment strategy [38] (Fig. 2). Tumor curettage is usually performed to
treat benign bone tumors, either or not in combination with bone
grafting (with e.g. autogenous or allogeneic bone) or bone substitution
(i.e. with a biomaterial) to stimulate regeneration of bone in the defect
created by tumor curettage [39,40]. The use of autogenous or allogeneic
bone can result in excellent bone repair, but complete bone healing and
restoration of skeletal functionality may take between 6 and 12 months
[41]. With the emergence of (synthetic) bone substitute biomaterials,
polymeric bone cement has become the most commonly used biomate-
rial in orthopedics to fill bone defects resulting from tumor curettage
[42]. Polymeric bone cement has several advantageous properties,
including the heat resulting from the exothermic polymerization and the
toxicity of unreacted monomer that can kill residual tumor cells.
Evidently, these properties may also affect healthy cells in an undesired
manner. Mechanically, polymeric bone cement is strong and can
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interlock with the bone cavity wall to enable functional mechanical
loading of the affected bone almost immediately after surgery [43,44].
Owing to these favorable features, polymeric bone cements can reduce
local recurrence rate and concomitantly enable patients to instantly
resume their normal life. The early mechanical loading can shorten the
recovery period and achieve appropriate functional outcome [45,46].

For treatment of primary malignant bone tumors, the available sur-
gical methods can be divided into amputation (complete removal of a
body part affected by unremovable tumors) and limb salvage treatment
(partial removal of the bone involved with the tumor and some of the
surrounding tissues). Before the 1970s, tumor recurrence rate after limb
salvage treatment was very high, and the 5-year survival rate was less
than 20%. Therefore, malignant bone tumors were mainly treated by
amputation. Since then, chemotherapeutic treatment (ChT) has fortu-
nately progressed thanks to drugs such as adriamycin (ADR) and
methotrexate (MTX), which were preoperatively or postoperatively used
following surgical resection of malignant bone tumors [47]. In the
1980s, adjuvant ChT was developed to further prevent tumors from
reoccurring [48]. Moreover, more clinical practice-based studies have
proven that limb salvage therapy is effective resulting in decrease of
local recurrence rates to 5%-10%, which is almost similar to amputation
treatment. Therefore, limb salvage surgery combined with systemic ChT
or radiotherapy (RT) has gradually become the mainstay in the treat-
ment of primary malignant bone tumors.

Treatment of patients with metastatic bone tumors is more compli-
cated and has a different purpose compared to treatment of primary
bone tumors. For patients suffering from metastatic bone tumors,
palliative treatment mainly aims to reduce pain and maintain patient
mobility and functioning to enable patients to live independently and
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Fig. 2. Flow-chart of the general diagnostic and therapeutic strategy for clinical treatment of primary bone tumors. The typical symptoms and classifications of bone
tumors are displayed in blue boxes; Imaging and pathological pre- and post-operative diagnostic methods are displayed in green boxes; Surgical, chemotherapeutic

and radiation treatment of bone tumors are displayed in orange boxes.
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improve their overall quality of life [49,50]. In some cases, bone me-
tastases require comprehensive treatment, in which first systemic
chemotherapy is used, and then a surgical intervention is performed
[51]. After surgical intervention, postoperative ChT or RT will be
selectively performed based on the specific type of primary tumor and
the general physical condition of the patient. Since it is impossible to
predict survival times of patients suffering from bone metastases, the
surgical design is particularly vital. For metastatic lesions with clear
margins after preoperative adjuvant ChT, surgical resection and recon-
struction of the resultant bone defect are feasible. For metastatic lesions
unsuitable for surgery, RT alone is recommended for pain relief,
although this treatment does neither restore bone stability nor prevent
pathological bone fractures. Additionally, for patients with a short-term
life expectancy, patients should not be left in bed meaninglessly for
prolonged periods of time. For these patients, a prosthesis or an intra-
medullary nail is preferred to achieve bone stabilization, which enables
the patient to regain immediate full weight-bearing mobility [52,53],
which gives a huge increase of their quality of life.

4. Designing biomaterials with combined bone-regenerative and
anti-cancer efficacy

Bone grafts are widely used especially in oncological, traumatic, and
prosthetic implantation surgery. Surgical resection of bone tumor tissue
often results in bone defects that require reconstructive surgery using
bone grafts. Currently, cancellous bone autografts are still the gold
standard in regenerative bone surgery. However, the amount of avail-
able bone autograft is typically rather limited, and the additional sur-
gery required for bone harvesting often leads to donor site morbidity.
Consequently, autologous bone is mainly used for regeneration of rela-
tively small bone defects after curettage or resection of small benign
bone tumors. For regeneration of large bone defects resulting from
malignant bone tumor resection, several commercially available allo-
grafts (e.g. Bone Bank™ Allograft and Stryker® Bio Implant) [54,55]
and xenografts (e.g. Pro Osteon® and Bio-Oss®) have been clinically
used [56,57]. Although the source of these bone grafts varies, their
clinical application is still restricted due to their inherent disadvantages
including high cost, risk of disease transmission, low mechanical
strength (as freeze-dried or demineralized material), and limited oste-
ogenic capacity.

In addition to these natural bone grafts, various synthetic bio-
materials have been developed as bone substitutes with virtually un-
limited availability. However, research on their application as bone
substitutes to fill defects created by surgical bone tumor resection is still
in its infancy [58]. Generally, these biomaterials are either
ceramic-based or polymer-based. Ceramic-based biomaterials (e.g.
blocks, granules, and cements), most notably calcium phosphate (CaP)
ceramics, are chemically very similar to bone mineral, biocompatible,
reliable and safe for clinical bone regenerative applications [59-61].
Several types of porous ceramic granules have been used to fill bone
defects after resection of benign tumors, leading to satisfactory clinical
outcomes [62-64]. Despite their favorable biological properties, poor
mechanical properties impede clinical application of these bioceramics
in heavily loaded skeletal sites. Similarly, many biodegradable
polymer-based materials such as collagen and poly(lactic-co-glycolic
acid) (PLGA) are promising candidate materials for treatment of bone
defects, but their mechanical performance is also insufficient for appli-
cation in load-bearing sites [65,66].

After resection of a malignant bone tumor, tumor recurrence is a
major risk factor, with local recurrence rates of at least 10% [67,68],
which is caused by the fact that not all tumor margins can be cleanly
resected by surgery. Subsequent systemic administration of ChT drugs
does not reach therapeutically effective concentrations in targeted bones
after surgery due to poor blood supply [69,70], implying that residual
tumor cells are not completely eliminated. Consequently, ideal bio-
materials for filling bone defects resulting from surgical bone tumor

Materials Today Bio 23 (2023) 100889

resection should be able to support bone reconstruction/regeneration
and simultaneously reduce the risk of bone tumor recurrence [71]. The
past decades have witnessed the development of novel biomaterials
which might act as such bifunctional bone substitutes with the ability to
simultaneously support bone formation and locally eliminate residual
cancer cells. Therefore, we conducted a review of the available literature
on the development of such bifunctional bone substitutes based on
specific search strategies with clearly defined inclusion and exclusion
criteria. Based on this literature search, we concluded that four main
strategies have been followed to date: i) exploiting intrinsic anticancer
properties, ii) adding anticancer agents, iii) incorporating agents that
induce oxidative stress, or iv) incorporating agents that induce hyper-
thermia (Fig. 3).

4.1. Search strategy

The literature on bifunctional biomaterials combining bone regen-
erative capacity and anticancer efficacy was collected by completing a
comprehensive and exhaustive search using the following 2 databases:
PubMed and Web of Science. The Web of Science was searched for
eligible articles using the following keywords: bone tumor treatment,
biomaterial and regeneration, while PubMed was searched for eligible
articles using the following MeSH terms: ((((Bone Neoplasm*[tiab] OR
Bone Cancer*[tiab] OR Cancer* of the Bone[tiab] OR Cancer* of Bone
[tiab]) OR (“Bone Neoplasms”[Mesh:NoExp])) AND ((Therapeutic[tiab]
OR Therapy[tiab] OR Therapies[tiab] OR Treatment*[tiab]) OR
(“Therapeutics”’[Mesh:NoExp]))) AND ((Bone Regeneration*[tiab] OR
Osteoconduction[tiab]) OR (“Bone Regeneration”[Mesh:NoExp]))) AND
(“Animals”[Mesh:NoExp]). All references listed in the results were
hand-searched to exclude studies not meeting the eligibility criteria of
the current study.

4.2. Inclusion and exclusion criteria

The study selection was limited to research articles that: i) include
both in vivo and in vitro anticancer studies and ii) in vitro or in vivo
osteogenesis evaluation of the biomaterials. The research articles
reporting only anticancer or osteogenesis assessment of biomaterials
were excluded.

4.3. Bone-substituting biomaterials with intrinsic anticancer efficacy

Commonly used polymeric or bioceramic biomaterials such as chi-
tosan (CH) and nano-sized hydroxyapatite (HA) were recently claimed
to exhibit intrinsic anticancer efficacy. CH is a polymer composed of
glucosamine and N-acetylglucosamine [72] and derived from chitin.
This natural polymer is widely used in bone regenerative research due to
its biocompatibility, biodegradability and hydrophilicity [73-75].
Interestingly, CH was shown to induce apoptosis in human osteosarcoma
cells (Saos-2) via caspase-2 and -3 activation in vitro, while it inhibited
angiogenesis for tumor growth [76]. Additionally, CH plays a synergistic
anti-cancer role via immune cells, as demonstrated by its induction of
monocyte differentiation into dendritic cells (DCs) and their enhanced
secretion of interleukin-12 (IL-12). IL-12 activates T cells to secrete cy-
tokines that stimulate host anticancer immunity to reduce the incidence
of bone metastasis from lung cancer in mice [77].

HA has the chemical formula Cas(PO4)3(OH) corresponding to a
stoichiometric Ca/P ratio of 1.67. This bioceramic is routinely applied in
clinics as filling material for regenerative orthopedic applications [78].
A recent study reported that nano-sized HA (n-HA) exhibits intrinsic
anticancer activity [79]. Rod-shaped n-HA was easily internalized into
metastatic squamous carcinoma cells, activating their mitochondrial
apoptotic pathway in vitro. In combination with titanium scaffolds this
nano-sized HA effectively treated tumor-associated segmental bone de-
fects in rabbits. Most importantly, n-HA showed a pro-apoptotic effect
on malignant tumor cells but did not negatively affect fibroblasts.
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4.4. Addition of anticancer agents

The most commonly explored strategy to render bone substitutes
active against cancer cells involves their combination with either
established anticancer agents (e.g. ChT drugs) which are already used in
clinics or novel experimental anticancer agents. The release of these
anticancer agents occurs via desorption, concomitant with (partial)
bone substitute degradation, or on demand, upon which the anticancer
agents can exert its detrimental effect on bone tumor cells around the
bone defect after bone tumor resection.

ChT drugs are generally categorized according to their anticancer

Table 1
Common chemotherapeutic drugs used for systemic treatment of bone tumors.

mechanism, including cytotoxic drugs, hormonal drugs, biological
response modifiers, monoclonal antibody drugs, and other adjuvant
drugs (Table 1). Cytotoxic drugs play a predominant role in the treat-
ment of bone malignancies, and hence have been frequently used in
combination with bone substitutes to allow for treatment of bone tumors
via local drug delivery [80,81] (Table 2). These drugs can exert
anti-cancer effects by entering the tumor cell nucleus and affecting the
structure of cellular DNA, thereby interfering with nucleic acid synthesis
and transcription. Physical approaches such as adsorption and
freeze-drying are the most common methods to load chemotherapeutic
drugs onto bone-substituting biomaterials due to their simplicity and

Categories Representative drugs Mechanisms of action

Indications Major side effects

Affect the chemical structure of
cellular DNA, interfere with nucleic
acid synthesis and transcription
Interfere with binding of hormones
and their receptors, inhibit the growth
of hormone-related tumors

Cytotoxic drugs Cyclophosphamide, doxorubicin,
methotrexate, adriamycin,
cisplatin, paclitaxel

Hormone drugs Tamoxifen, megestrol, goserelin

Biological Interferon, interleukin-2, thymosin Increase the differentiation and
response activity of T cells, B cells and
modifiers macrophages in the autoimmune

system

Monoclonal Bevacizumab Inhibit the biological effects of VEGF,
antibody thereby inhibiting tumor
drugs angiogenesis, growth and metastases

Adjuvant drugs Erythropoietin, morphine,

pamidronate disodium

Inhibit the activity of osteoclasts,
analgesic effects or pain caused by
osteolytic bone metastases

Malignant and metastatic bone tumors

Metastatic bone tumors caused by
breast cancer or prostate cancer

Osteosarcoma, metastatic bone tumors
caused by breast cancer

Metastatic bone tumors caused by lung
cancer

Hypercalcemia, pain, bone destruction
and dissolution caused by malignant
tumor and bone metastases

Abnormal hematopoiesis,
cardiomyopathy, weight loss, renal
dysfunction, ototoxicity

Fever, depression, hypertension,
abnormal liver function

Fever, endocrine dysfunction,
abnormal blood biochemical
indicators

Gastrointestinal perforation,
hemorrhage, arteriovenous
thrombosis

Hypocalcemia, fever, inhibition of
the central nervous system
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Table 2
Bifunctional biomaterials fabricated by incorporation of anticancer agents.
Building block Anti-cancer Fabrication Local Drug In vitro Osteogenesis or In vivo bone Initial tumor Ref.
materials agent method delivery release therapeutic biocompatibility tumor model volume and in vivo
form time efficiency assessments therapeutic
efficacy
Polycaprolactone Doxorubicin Freeze drying 3D- Up to Dose-dependent No detected 3 x 10° 231-luc 200 mm?; Tumor [83]
(PCL) printed 84d cytotoxic effects; cardiotoxicity cells - volume decreased
scaffold around 60% subcutaneous from over 1500
viability for high tumor model in mm? to smaller
loading and 75% mice than 500 mm?®
for low loading
groups on breast
cancer cells after
3d
HA Doxorubicin Adsorption Nano or 72h Dose-dependent Nano/micro-HA 2 x 10°143B Tumor volume [84]
micro- increase in particles were less cells - increased to only
sized HA cellular uptake of  cytotoxic to MC3T3 subcutaneous 500 mm® in nano/
nHA + DOX and cells compared to nHA tumor model in micro-HA + DOX
cytotoxic effects alone mice group compared to
on 143B cells 2500 mm? in the
control
B-TCP and black Doxorubicin Freeze dying Porous 14d Complete BDPTP and BPTP 1 x 107 MG-63 200 mm?; Tumor [85]
phosphorous scaffold elimination of scaffolds supported the  cells - volume decreased
nanosheets MG-63 cells in proliferation of rBMSCs  subcutaneous from 200 to 0 mm®
DOX/P24/BP/ and increased ALP tumor model in at day 4 for BDPTP
TCP/PLGA activity in vitro; mice and BPTP groups
(BDPTP) and BP/  Promoted new bone
P24/TCP/PLGA formation of the
(BPTP) scaffolds cranial defects in rats
groups after 1d
PLLA CD40 PDA motif- Fibrous 3d Efficiently No cytostatic effects on 2 x 10® MDA- 27 mm?; Tumor [86]
antibody mediated scaffold induced MDA- MC3T3-E1 cells in vitro ~ MB-231 cells - volume was
crosslinking MB-231 cell ectopic significantly
reaction apoptosis humanized suppressed to
breast tumor in around 50 mm? in
axillary region of ~ PLLA-PDA-
mice CD40mAb group
compared to
around 800 mm?®
in the control
group
easy handling. regenerative application after bone tumor resection, elimination of

Doxorubicin (DOX) is a commonly used anthracycline anticancer
drug in clinics [82], and has also been frequently combined with various
biomaterials to combat bone tumors [83-85]. DOX was loaded on pol-
ycaprolactone (PCL), micro/nano-sized HA or 2D black phosphorus (BP)
scaffolds via adsorption, resulting in sustained release of 58.7% (PCL),
80% (HA) or 26% (BP) after 84 days, 72 h and 14 days, respectively.
Moreover, the released DOX showed dose-dependent cytostatic effects
on human metastatic breast cancer cells and osteosarcoma cells in vitro.
In addition, when DOX was loaded onto nHA, the DOX-loaded nHA was
internalized by cells and delivered to lysosomes, after which DOX
accumulated in mitochondria and caused dysfunction of mitochondria
to inhibit tumor cell proliferation.

DOX-loaded biomaterials were further implanted and tested in sub-
cutaneous bone tumor models. Xenograft tumor models are generally
developed by subcutaneously injecting tumor cells (e.g. osteosarcoma
cells and metastatic bone tumor cells) into the flank or back of mice.
After the tumor volume reaches a certain level (80-200 mm3), the tumor
models were used for in vivo evaluation of tumor therapy. Sun et al.
found that the DOX-loaded PCL scaffolds resulted in a significant inhi-
bition of tumor growth in vivo (only a 250% increase in volume), while
the tumor volume increased 650% in the controls within 28 days.
Additionally, Wang et al. demonstrated that DOX-loaded scaffold ach-
ieved a long-term prevention of tumor recurrence in subcutaneous
tumor-bearing mice models.

Due to the high cytotoxicity of DOX to healthy cells, systemic
administration of DOX can induce severe adverse side effects including
nephrotoxicity, cardiotoxicity and immune suppression. Regarding bone

tumor cells by DOX should not lead to severe detrimental effects on
healthy bone cells. Notably, the sustained release of the anticancer
agents after combining with the biomaterial significantly reduced the
local toxicity for bone repair and systemic toxicity for metabolic organs.
As shown by Sun et al., the local delivery of DOX from PCL scaffolds
reduced the incidence of DOX-related cardiotoxicity of mice compared
to systemic administration. In addition, the combination of bioactive
peptide (P24)-loaded biomaterials with DOX significantly minimized
the detrimental effect of DOX on local bone regeneration of the cranial
defects in rats.

In addition to the above-described cytotoxic drugs, biological
response modifiers have been utilized to render bone substitutes thera-
peutically active for local anticancer therapy [86]. CD40 is a type I
membrane glycoprotein normally expressed in B cells and dendritic
cells, and the CD40/CD40L axis signals as a critical co-stimulatory
pathway to facilitate antigen-presenting cell (APC) activation and
cytotoxic T lymphocyte-mediated immunity against cancer cells. Since
metastatic bone tumor cells (MDA-MB-231) highly express CDA40,
CD40-loaded poly(i-lactide) (PLLA) scaffolds induced apoptosis of
MDA-MB-231 cells in vitro. In subcutaneous tumor models, the tumor
volume treated with CD40-loaded biomaterials was 10-fold smaller as
compared to tumors treated with antibody-free biomaterial. More
importantly, CD40 antibody did not affect the proliferation of
pre-osteoblast cells in vitro.

Since anticancer agents are heavily investigated for systemic treat-
ment of bone tumors, they have a reliable therapeutic profile, which
simplifies regulatory approval and enhances the translational potential.
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In future, more in vivo preclinical studies on multifunctional bone sub-
stitute materials loaded with anticancer agents are required to verify
their systemic biosafety and local anticancer efficacy in well-established
bone tumor models.

4.5. Addition of agents to induce oxidative stress

Nanocatalytic cancer therapy has emerged as a promising approach
with significant therapeutic efficacy against various cancers, while
minimizing adverse effects on healthy tissues. This strategy capitalizes
on the intrinsic acidic microenvironment prevalent in malignant tumors,
characterized by elevated levels of hydrogen peroxide (H203) in tumor
cells compared to the normal cells [87]. HoO2, one of the most repre-
sentative reactive oxygen species (ROS), can undergo Fenton or
Fenton-like chemical reactions and act as the reactant to be transformed
into harmful ROS such as hydroxyl radicals (¢OH) to target and elimi-
nate cancer cells [88,89]. Furthermore, the acidic tumor environment
can synergistically stimulate the excessive endogenous HO5 to transfer
into eOH to inhibit tumor growth. Considering those benefit, catalyti-
cally active agents have been combined with regenerative biomaterials
and investigated for their therapeutic efficacy against malignant bone
tumors (Table 3).

Typical catalytic Fenton reaction is the introduction of iron (Fe?*
and/or Fe>*) ions into H»0, to induce the transformation of highly toxic
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oOH. Therefore, Fe-based materials including single atomic Fe and Fe-
based nanoparticles are the main agents utilized for induction of
oxidative stress [90]. Zhang et al. reported ultrasound (US) — activatable
semiconducting polymer nanoinducers (ASPNgp) containing FesO4
nanoparticles as the ferroptosis inducers and plasma amine oxidase
(PAO)-stabilized semiconducting polymer nanoparticles (SPNp) encap-
sulated in singlet oxygen (0s)-responsive nanocarriers for malignant
bone tumor therapy [91]. Upon US irradiation, SPNp in the ASPNgp
generated 10,, and Fe30,4 nanoparticles were precisely released to
trigger ferroptosis. The ROS fluorescence intensity in the ASPNgp + US
group was 6.1-fold higher than those in the ASPNgp group. In an oste-
osarcoma metastasis mouse model, the ASPNgp + US treatment signifi-
cantly suppressed tumor growth by 93.7%, and the relative tumor
volume of the ASPNgp + US group was 0.5 which was much lower than
the other groups ranged from 5.2 to 9.8. More importantly, the tibia in
the ASPNgp + US group had the highest integrity, and the number of
metastatic tumor nodules in the mice after ASPNgp + US treatment was
significantly reduced compared to other groups.

One limitation hampering tumor-therapeutic efficiency of nano-
catalytic cancer therapy is that the level of intracellular HyO5 in tumor
cells is too low to generate sufficient «OH in the Fenton reaction to
eliminate the tumor cells. Local reaction temperature is an important
impact factor in the Fenton reaction, and high reaction temperature can
enhance the production efficiency of eOH. To address this limitation,

Table 3
Bifunctional biomaterials fabricated by incorporation of oxidative stress-inducing agents.
Building block Oxidative Fabrication Local delivery  In vitro therapeutic Osteogenesis or In vivo bone Initial tumor Ref.
materials stress-inducing method form efficiency biocompatibility tumor model volume and in vivo
agent assessments therapeutic
efficacy
Bioactive glass Single-atom Adsorption 3D-printed Cell viability of Promoted the 1 x 10° Saos-2 100 mm?; Tumor [90]
iron catalysts scaffold Saos-2 cells proliferation of hBMSCs; cells - volume decreased
(FeSAC) decreased to Upregulated the subcutaneous from 100 mm® to 0
19.37%, 10.93% expression of COL 1, tumor model; mm? after 4 days in
and 4.66% in BMP-2, OCN and Runx2; Balb/c mice the FeSAC-BG +
FeSACi000-BG Promoted bone defect NIR group
scaffold group repair in rats for the
under 0.5, 1.0 and FeSAC-BG scaffold group
1.5 W cm ™2 laser
power density
Semiconducting Fe304 Film- Nanoparticles 80.3% of morality Lowest extent of tibia 2 x 10°4T1 cells  Relative tumor [91]
polymer nanoparticles dispersion rate on 4T1 cellsin  destruction, and no - orthotopic bone  volume decreased
nanoparticles and ASPNgp + US group obvious lesions in kidney, tumor model in to 0.5 in ASPNgp +
hydration- spleen, and heart for tibia US group
sonication ASPNgp + US group
method
Akermanite Fe304 Adsorption 3D-printed All MNNG/HOS Promoted the 2 x 10° MNNG/ 200 mm3; 91.4% of [92]
(AKT, nanoparticles scaffold cells were proliferation of BMSCs; HOS cells - inhibition efficacy
CazMgSiz07) and CaO, eliminated in AKT- Upregulated the subcutaneous in AKT-Fe304-
nanoparticles Fe304-CaO,-AMF expression of ALP, BMP2, tumor model in CaO,-AMF group
group OCN, RUNX2, and COL1; mice; Balb/c
Promoted new bone mice
formation of cranial
defect in rats in AKT-
Fe304-CaO, group
CaSiO3 Fe 3D printing 3D-printed 91.4% of mortality Promoted the 5 x 10° Saos-2 200 mm?; Relative [93]
scaffold rate on Saos-2 cells  proliferation of rBMSCs; cells - tumor volume
in 30CS group after ~ Upregulated the subcutaneous decreased to less
15 min irradiation expression of COL 1, tumor model in than 1 in the 30CS
OCN, Runx2 and BMP-2 mice + ROS + laser
of rBMSCs in vitro group
Borosilicate Cu** and Mn®"  Sol-gel soft Nanoparticles  Significant Significantly promoted 1 x 107 cells/mL  100-120 mm?; [94]
ions template inhibitory effects proliferation of rBMSCs; 143B cells - Relative tumor
method on 143B cells Improved ALP activity subcutaneous volume decreased
and upregulated bone tumor to around 1.3 in

expression of BMP2,
COL1A1 and RUNX2 of
rBMSCs in vitro; Promoted
bone regeneration and
blood vessel formation in
vivo

model; Balb/c
mice

BSNs-Cu, BSNs-Mn
and BSNs-Cu-Mn
groups compared
to around 2.3 in the
control group
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H»0; supplier and photothermal agents are used to combine with bio-
materials to enhance the eOH production, and synergistically improve
the ultimate therapeutic efficacy [92]. For instance, a composite scaffold
containing different amounts of Fe and CaSiO3 (Fe-CaSiO3) was devel-
oped, leading to a significant increase in the production efficiency of
eOH upon exposure to near-infrared (NIR) irradiation (0.6 W/ cmz) [93].
The photothermal temperature of 30CS scaffold (wt%: 30% CaSiO3 and
70% Fe) increased to 50 °C within 10 min, and the mortality rate of
osteosarcoma cells increased to 91.4% after 15 min laser exposure in
vitro. In vivo anticancer evaluation showed that the volume of the tumor
tissue in the 30CS scaffold groups without irradiation was obviously
smaller than that in the CaSiO3 and CaSiO3 + laser groups, and the 30CS
scaffold + laser group exhibited the most effective tumor cell killing
capacity. This indicated that the release of Fe and the photothermal
agents synergistically enhanced therapeutic outcomes.

In addition to the mostly explored Fe-based Fenton nanoagents,
other metal elements, such as Mn, Co, Cu and Ag, have shown promise as
the Fenton-reaction catalysts. Cu-Mn-doped borosilicate (BS) nano-
particles killed osteosarcoma cells by significantly increasing the level of
intracellular ROS [94]. Moreover, tumor growth was significantly
slower in the mice treated with Cu-Mn-doped nanoparticles compared to
the drastic increase of tumor volume in the mice treated with saline, and
the incorporation Cu and Mn even promoted bone regeneration in
lateral epicondyle defects in rats.

4.6. Addition of agents to induce local hyperthermia

Hyperthermic treatment of tumors by means of local temperature
elevation is one of the oldest anticancer therapies, which has been
applied since the 19th century [95], and it still is a widely used clinical
therapy for treating cancers [96]. Usually, temperatures applied during
hyperthermic treatment range between 41 and 46 °C. Within this tem-
perature range, healthy cells do not undergo irreversible damage, while
the nuclear synthesis in malignant cells is irreversibly inhibited which
permanently destroys tumor cells because of the heat sensitivity [97]. In
view of this, hyperthermia has been exploited in the design of bone
substitute biomaterials with anticancer efficacy for treatment of malig-
nant bone tumors.

Hyperthermic treatment is induced by photothermal agents: i)
generating heat from NIR light, or ii) magnetothermal agents generating
heat from alternating magnetic fields (AMF) to eradicate tumor cells.
Therefore, the combination of biomaterials with either photothermal or
magnetothermal agents can endow biomaterials with local hyperther-
mic ability. Photothermal strategies convert NIR light to local heat to
ablate tumor cells in a minimally invasive manner due to precise control
of laser irradiation conditions, which effectively minimizes undesired
side effects of killing non-target cells. NIR-absorbing materials generally
include organic agents (e.g. polydopamine, polyaniline, and cyanine
dyes) [98,99], inorganic agents (e.g. carbon-based nano-systems,
metal-based materials, and nonmetal materials), and transition metal
elements (Table 4).

Polydopamine (PDA) is a representative organic material widely
used as a photothermal agent in biomedical research owing to its
excellent biocompatibility and biodegradability [100]. PDA was
assembled onto 3D-printed biomaterials via soaking in the form of
nanolayers and nanoparticles [101-103], and their exothermic tem-
peratures increased to 42-94 °C upon 808 nm laser irradiation (0.34-1
W/cm?). This photothermal temperature was sufficient to kill osteo-
sarcoma cells, leading to more than 97.4% mortality in vitro. Moreover,
when anticancer drug cisplatin was loaded on PDA-modified bio-
materials, its release was stimulated by the temperature elevation as
compared to PDA-free biomaterials, resulting in synergistic elimination
of tumor cells. In subcutaneous tumor-bearing models, implantation of
PDA-modified biomaterials increased temperatures of tumors to
52-60 °C with NIR laser irradiations (0.38-1.5 W/cmz), which drasti-
cally reduced the average tumor weight and size. For successful
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treatment of bone defects after tumor resection, it is crucial that the
bone-forming ability of the implanted scaffold is not affected by hy-
perthermia treatment. Therefore, these PDA-modified biomaterials were
implanted into well-established bone defect models (e.g. skull and
femoral defects) to assess their bone-forming activities, and the in vivo
results demonstrated that bone regenerative capacities of PDA-modified
biomaterials were not affected by short-time NIR irradiation.

Among various types of inorganic biomaterials, carbon-based ma-
terials are widely used in research as photothermal agents for hyper-
thermic treatment [104,105]. Carbon-based nanomaterials are
considered particularly attractive compared to common inorganic ma-
terials due to their extremely high surface area [106,107]. Graphene and
its derivatives such as graphene oxide (GO) are the most representative
carbon-based nanomaterials, which have been combined with
3D-printed bioceramic scaffolds for bone tumor therapy and bone
regeneration [108,109]. Upon 880 nm NIR irradiation (0.36-4.6
W/cm?), the photothermal temperature in GO-loaded scaffolds
increased to 50-64.8 °C, and the viability of osteosarcoma cells and
metastatic breast tumor cells significantly decreased by 92.6% after 30
min laser exposure in vitro. The in vivo photothermal properties of the
GO-loaded scaffolds were evaluated in subcutaneous osteosarcoma/-
metastatic breast tumor-bearing mice models, and the temperatures at
the tumor interior increased to over 50 °C. As a result, the tumor vol-
umes in mice treated with GO-loaded scaffolds and laser irradiation
significantly decreased. GO-loaded scaffolds without NIR irradiation
were shown to promote bone regeneration, but it remains to be
confirmed whether GO-loaded scaffolds can promote bone regeneration
after NIR irradiation. Since high concentrations of GO are toxic to
healthy cells, HA nanoparticles were incorporated into GO-loaded bio-
ceramic scaffolds to alleviate this undesired side effect [110]. The results
showed that in vitro toxic effects of GO declined with increasing amount
of HA nanoparticles, and GO retained excellent NIR absorption abilities.
More importantly, the in vivo photothermal effects against bone tumor
and bone regenerative capacities of those scaffolds were not affected by
HA incorporation.

Recently, ultrathin MXene nanosheets (a new class of 2D materials
where “M” symbolizes transition metal atoms, “X” means carbon or ni-
trogen, and “ene” suffix deriving from “graphene” represents the ma-
terials with ultrathin 2D structure) have been explored for hyperthermic
treatment of malignant bone tumors due to their high photothermal-
conversion efficiency upon NIR irradiation [111,112]. 2D niobium
carbide (NbyC) MXene has been explored for hyperthermic treatment of
bone tumors, and the scaffolds loaded with Nby;C MXene showed
intrinsic photoresponse in the NIR-II (1064-nm laser) biological win-
dow, which led to high tissue-penetrating depth and effective killing of
bone cancer cells in vitro. Moreover, in vivo antitumor assessment in
subcutaneous osteosarcoma models showed that tumors were
completely ablated, and the average survival time of tumor-bearing
mice treated with NboC MXene loaded scaffolds was significantly pro-
longed. In rat calvarial defect models, more newly formed bone and
newborn vessels were observed in the defects treated with
MXene-loaded scaffolds. Additionally, 2D MXene has been solely used as
local carrier of therapeutic molecules (e.g. nitric oxide (NO) and im-
mune adjuvants (R837)) to perform the combined therapy against bone
tumors, and achieved synergistic effects on tumor elimination [113,
114].

Metal-based materials including pure metal and metal-based com-
pounds are a prominent category of photothermal agents for hyper-
thermic treatment of bone tumors [115]. For example, gold
nano-materials have strong NIR laser absorption and excellent photo-
thermal conversion efficiency in humans. These attractive features
render gold nano-materials highly promising as photothermal agents for
tumor ablation, which has resulted in clinical translation [116]. The
temperature of gold nanorod-loaded hybrid hydrogels increased to
57.6 °C with a heating penetration depth of 3.7 mm in bone upon NIR
irradiation (0.08-0.99 W/cm?) [117], which killed over 98% of



nanohydroxyapatite

carbon dots

cells died after 10 min

upregulated the expression of
ALP, COL-1 and OCN of

cells -
subcutaneous

diameter; Tumor
volume decreased to

Table 4
Bifunctional biomaterials functionalized with hyperthermic properties.
Building block Photothermal Fabrication method Local delivery =~ Maximum In vitro therapeutic Osteogenesis or Invivo bone tumor  Initial tumor volume Ref.
materials agent form temperature efficiency biocompatibility assessments model and in vivo
therapeutic efficacy
PLGA Curcumin Emulsion/evaporation Hydrogel ~51 °C in air Cell viability of No negative effects on ~2 mm? tumor Majority of the tumor [98]
K7M2wt osteosarcoma proliferation of NIH3T3 cells; mass (K7M2wt mass (total tumor
cells reduced to 55.8% Activation of ALP in BMSCs tumor tissue volume of around
and 23.9% for IR820 and a higher amount of plagues) - in situ 1400 mm?®) was
gel + laser and Cur- calcium nodules in vitro bone tumor model; ablated in the IR820
MP/IR820 gel + laser, Balb/c mice gel + laser and Cur-
respectively MP/IR820 gel + laser
groups
Bioactive glass Chlorin e6 Evaporation-induced Sintered 83 °C in air and Cell viability of MG63 No obvious side effects on 2.0 x 10° LM8 4 mm in diameter; [99]
self-assembly scaffold 53.8 °C in PBS for cells decreased to bone regeneration of the osteosarcoma cells Relative tumor
5Mn-MBG; 62.6 °C in 77.7%, 60.5% and critical-sized cylindrical bone - subcutaneous volume decreased to
air and 43.4 °C in PBS 21.1% in 5Mn-MBG/ defects in rats and rabbits tumor model in 0 in the 5Mn-MBG/
for 2Mn-MBG Ce6+PTT, SMn-MBG/ mice Ce6+PTT + PDT
Ce6+PDT and 5Mn- group
MBG/Ce6+PTT + PDT
groups, respectively
Magnesium oxide Polydopamine Oxidation and self- 3D scaffold ~47.5°C Apoptotic rate of 143B No negative effects on the 2 x 107 143B cells 100 mm>; Tumor [100]
nanoparticles polymerization/ cells increased to proliferation of MC3T3-E; - subcutaneous suppression rate
Dispersion 91.8% in the 10NP/ Upregulated the expression of tumor model; reached 100% in the
polymerization CMP@PAM + NIR Runx 2, OSX and OCN; Balb/c mice 5NP/CMP@PAM +
group Promoted the new bone NIR group
formation of the calvarial
defect in rats in the 5NP/
CMP@PAM + NIR group
CaP (CaySipP2016) Polydopamine Adsorption 3D-printed ~92 °C in air and ~97.4% and ~99.2% No negative effects on the 1 x 10° MDA-MB- 200 mm?; Tumor [101]
scaffold ~50 °C in PBS; 7.5 of mortality for MDA- proliferation of rBMSCs; 231-luc cells - weight decreased
mm MB-231 cells and Saos2  Stimulated bone regeneration subcutaneous from around 1.5 to
cells of the femoral bone defect in tumor model in 0.2g in DOPA-BC +
rabbits mice NIR laser group
HA Polydopamine Schiff base reaction Nanoparticles ~42°C Significant cytotoxic No negative effects on 1 x 10°4T1 cells - 200 mm?; Tumor [102]
effects on 4T1 cells proliferation of BMSCs; subcutaneous volume decreased to
Promoted ALP activity of tumor model in 75 mm® in the OSA-
BMSCs; PHA-DDP promoted mice CS-PHA-DDP + NIR
bone regeneration of defects in group
rabbits compared to blanks
Polylactic-co-glycolic Polydopamine Freeze-drying 3D-printed ~94 °C in aqueous Significant cytostatic Promoted the proliferation of 4T1 cells - Relative tumor [103]
acid (PLGA) and scaffold solutions effects on 4T1 cells in BMSCs (Mngr concentrations: subcutaneous volume significantly
tricalcium the FeMg-NPs + Laser 5-10 x 103 M); tumor model; decreased, and tumor
phosphate (TCP) group Upregulated the expression of Balb/c mice weight deceased to
OPN, Runx 2 and Col-1; 0.1g in FeMg-scaffold
Promoted new bone formation + Laser group
of calvarial defects in rats for
FeMg- scaffold group
p-TCP Carbon aerogel Adsorption 3D-printed ~74 °C in PBS Significant inhibitory Promoted the proliferation of 1 x 10° MNNG/ 200 mm?; 81.85% of [104]
discs effects on MNNG/HOS BMSCs; Upregulated the HOS cells - tumor suppression
cells in p-TCP-C-laser expression of ALP, BMP2, OCN  subcutaneous rate in p-TCP-C-laser
group and OPN in BMSCs; Produced tumor model; group
more bone tissue in the $-TCP-  Balb/c mice
C-laser group in rats
Chitosan and Zero-dimensional Freeze drying 3D scaffold 41.8-52.6 °C in PBS Almost all UMR-106 CS/nHA/CD scaffolds 5 x 10° UMR-106 7~10 mm in [105]

(continued on next page)
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Table 4 (continued)

Building block
materials

Photothermal
agent

Fabrication method

Local delivery
form

Maximum
temperature

In vitro therapeutic
efficiency

Osteogenesis or
biocompatibility assessments

In vivo bone tumor
model

Initial tumor volume Ref.
and in vivo
therapeutic efficacy

Larnite (silicone resin)

Akermanite

p-TCP

Chitosan and CePO4
nanorods

Chitosan

Bioactive glass

Bioactive glass

Porous free carbon
(CaCos fillers)

Borocarbonitrides

Graphene oxide

GO nanosheets

Graphene oxide
nanoparticles

Tiz C; MXenes

2D niobium
carbide (Nb,C)
MXene

3D printing

Dip coating

Adsorption

Freeze-drying

Adsorption

Adsorption

Adsorption

3D-printed
scaffold

3D-printed
scaffold

3D-printed
scaffold

3D scaffold

3D scaffold

3D-printed
scaffold

3D-printed
scaffold

61-63 °C in air and
46-48 °C in PBS

85.7-109 °Cin air and
50.7-61.2 °C in PBS

71-85 °C in air and
39-45 °C in PBS

~64.8 °C in air

37.7-61.3 °C in PBS

40-65 °C in air and
42-58°CinPBSin 1.0
TBGS group

~56 °C in PBS

irradiation in the CS/
nHA/CD + NIR group

Cell viability of
MNNG/HOS cells on
larnite/C-3 scaffolds
decreased to 70%,
48%, 27% and 5% at a
power intensity of 0.5,
0.75,1 and 1.25 W/
cm?, respectively

Cell viability of
MNNG/HOS cells
decreased to 11% in the
5BCN@AKT + laser
group

Cell viability of MG-63
in the GO-TCP scaffold
group decreased by
92.6% after 30 min
irradiation

Significant cytotoxic
effects on MDA-MB-
231 cells in CePO4/CS/
GO group

52.3% of apoptosis rate
and 17.6% of necrosis
rate on HOS cells in
30% nHA/GO

Cell viability of Saos-2
cells decreased to less
than 40% in TBGS +
laser group

Cell viability of Saos-2
cells decreased to less
than 38% in NBGS +
NIR group

rBMSCs in vitro, and promoted
new bone tissue, collagen and
vessel formation of the bone
defect in rats

Promoted the infiltration and
proliferation of rBMSCs;
Upregulated the expression of
ALP, OCN and Runx-2 of
rBMSCs; more newly formed
bone observed in calvarial
defect of rats in the larnite/C-3
scaffold group

Promoted the proliferation of
hBMSCs; Upregulated the
expression of BMP2, AL, COL
1, BSP, OPN and OCN of
hBMSCs; Promoted new bone
formation of femoral defect in
rabbits

Improved ALP activity and
upregulated the expression of
RUNX2, OCN and BSP of
rBMSCs in vitro; Promoted the
bone regeneration of the
calvarial defect in rabbits

Promoted the proliferation of
hBMSCs and MC3T3-E1 cells;
Upregulated the expression of
ALP, BMP-2, OCN and RUNX2;
Accelerated new bone
formation of the calvaria
defect in rats in CePO4/CS and
CeP0,4/CS/GO groups
Promoted the proliferation of
hBMSCs and MC3T3-E1 cells
and upregulated the
expression of ALP, RUNX2 Col
1 and OCN of hBMSCs in vitro;
GO/CS and nHA/GO/CS
promoted new bone formation
in cranial defects in rats
Promoted the proliferation of
hBMSCs in vitro; Upregulated
the expression of COL 1,
RUNX2, OCN and OPN of
hBMSCs in TBGS group;
Promoted new bone formation
in cranial defects of rats
Promoted the proliferation of
hBMSCs; Upregulated
expression of COL 1, Runx2,
OCN and OPN; Facilitated the

tumor model;
Balb/c mice

5.0 x 10* MNNG/
HOS cells -
subcutaneous
tumor model

1.5 x 10° MNNG/
HOS cells -
subcutaneous
tumor model

5 x 10° Saos-2
tumor cells -
subcutaneous
tumor model;
Balb/c mice

5 x 107 MDA-MB-
231 cells -
subcutaneous
tumor model in
mice

1 x 107 HOS cells -
orthotopic bone
tumor model in
hip; Balb/c-nude
mice

4 % 10° Saos-2
cells -
subcutaneous
tumor model;
BALB/c nude mice

1 x 10° Saos-2
cells -
subcutaneous

around 0 mm® in CS/
nHA/CD3+NIR group

200 mm* Relative
tumor volume
decreased to 0 in the
larnite/C-3+NIR
group

[106]

200 mm?; Relative
tumor volume
decreased to 0 in the
5BCN@AKT + laser
group

[107]

300 mm3; Tumor [108]
volume and size
drastically decreased,
and tumor cell
necrotic rate of
83.28% in GO-TCP
scaffolds

6 mm in diameter;
Relative tumor
volume decreased
from 1 to around 0.5
in the CeP0O4/CS/GO
scaffold group

[109]

8 mm in diameter;
Relative tumor
volume decreased

[110]

from around 6 to less
than 1 in GO/CS +
laser and nHA/GO/
CS + laser groups

120 mm3; Tumor
volume decreased
from around 500 mm®
to 0 mm?® in TBGS +
NIR group

[111]

180 mm3; Tumor
volume decreased
from 1250 to around

[112]

(continued on next page)
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Table 4 (continued)

Building block Photothermal Fabrication method Local delivery =~ Maximum In vitro therapeutic Osteogenesis or In vivo bone tumor  Initial tumor volume Ref.
materials agent form temperature efficiency biocompatibility assessments model and in vivo
therapeutic efficacy
repair of calvarial defects of tumor model; 0 cm® in NBGS + NIR
rats in NBGS + NIR group BALB/c nude mice group
Bioactive glass Nb,C MXene Deposition 3D-printed 38-60 °C in air Cell viability of Saos-2 No significant cytotoxicity on 4 x 10° Saos-2 120 mm®; Tumor [113]
scaffold cells decreased to hBMSCs; Upregulated the cells - volume decreased to
25-35% after 10 min expression of COL1, OCN, subcutaneous 0 mm® in MBGS +
irradiation BMP-2 and RUNX2; Promoted tumor model; NIR- II and MBS +
new osseous tissue formation BALB/c nude mice NIR- II groups
in calvarial defects in rats
Bioactive glass Nb,C MXene Adsorption 3D-printed ~71.1 °Cin air Significant inhibitory Accelerated bone regeneration 1 x 10° 4T1 cells- 65 mm>; Tumor [114]
scaffold effects on the in calvarial defects in rats for orthotopic distant volume remained
proliferation of MDA- the BG@NDSIR group metastasis model around 0 mm® in the
MD-231 and MCF7 in mice PTT + anti-PD-L1
group
PLGA Mg particles Low-temperature 3D-printed ~140.65 °Cinairand  Apoptotic rate of Saos- Promote the osteogenic 2 x 107 Saos-2 150 mm?; Relative [115]
rapid-prototyping scaffold ~43.57 °C in PBS 2 cells increased to differentiation of MC3T3-E1 tumor cells - tumor volume
technology 94.6% in P10 M + NIR  cells; subcutaneous decreased to around
group Upregulated the expression of tumor model; 0in P10 M + NIR
BMP2, BSP, OCN and OPN; BALB/c mice group
Promoted new bone formation
in the bone defect region in
rats
GelMA/CSMA Gold nanorods Photopolymerization 3D scaffold 35.0-57.6 °C in air Cell viability of No negative effects on the 1.0 x 10° K7M2wt  ~5 mm in diameter; [117]
hydrogel K7M2wt cells spread and proliferation of cells - ectopic Tumor volume
decreased to 99.3%, MSCs; Promoted osteogenic tumor harvest - remained around 0
73.0% and 1.2% in differentiation of MSCs in vitro;  orthotopic tibia mm? in the surgery +
0.08,0.56,0.99 W/ecm?  Promoted bone formation in tumor; BALB/c hydrogel + PTT group
groups tibial bone defects in the mice
surgery -+ hydrogel + PTT
group
Bioactive glass Copper Diels-Alder (DA) 3D-printed 56-58.8 °C in air and Cell viability of K7M2- Promoted the proliferation of 5 x 10° K7M2-WT 150 mm?; Relative [118]
reaction scaffold 52.8-57.4 °C in PBS WT cells decreased to mBMSCs in SA/PEG-CuBGM cells - tumor volume
28.9%, 23.6% and group; subcutaneous decreased to around
19.1% in SA/PEG- Upregulated the expression of tumor model; 0 in the SA/PEG-
2CuBGM, SA/PEG- ALP, OPN, COL1 and RUNX2; BALB/c mice 3CuBGM + NIR group
3CuBGM and SA/PEG- Promoted bone formation in
4CuBGM groups femoral defects in rats in SA/
PEG-CuBGM group
Bioactive glass Elements (Cu, Fe, Sol-gel method 3D-printed 60-90 °C in air and Cell viability of Saos-2 No negative effects on the 5 x 10° Saos-2 114 mm®; Tumor cell [119]
Mn and Co) scaffold 44-52 °C in PBS cells decreased to proliferation of rBMSCs in the cells - necrotic rate
1.2%, 17.6%, 37.4% 5Fe-BGC and 5Mn-BGC subcutaneous increased to 94.9%,
and 43.1% for 5Cu- groups; Significant cytostatic tumor model in 90% and 72% for the
BGC, 5Fe-BGC, 5Mn- effects on rBMSCs in the 5Cu- mice 5Cu-BGC + laser, 5Fe-
BGC and Co-BGC BGC and 5Co-BGC groups BGC + laser and 5Mn-
groups, respectively BGC + laser groups,
respectively
Bioactive glass CuFeSe, Solvothermal method 3D-printed 80-143 °C in air and Significant cytostatic Promoted the proliferation of 5 x 10° Saos-2 8 mm in diameter; [120]
nanocrystals scaffold 33-72°Cin PBS effects on Saos-2 cells rBMSCs; Upregulated cells - Relative tumor
in BG-5CFS scaffold expression of OCN and OPN; subcutaneous volume decreased to
group Promoted new bone formation  tumor model in around 0.5 in BG-
in the femoral defect of rabbits ~ mice 5CFS scaffold group
Bioglass Black phosphorus Surface modification 3D-printed 32.4-68.7 °C Significant inhibitory Upregulated the expression of 5 x 10° Saos-2 200 mm?; Relative [121]
(BP) nanosheets scaffold effects on Saos-2 cells OPN, OCN, ALP, COL 1 and cells - tumor volume
in the BP-BG NIR group ~ RUNX2 of hBMSCs and subcutaneous

(continued on next page)
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Table 4 (continued)

Building block Photothermal Fabrication method Local delivery =~ Maximum In vitro therapeutic Osteogenesis or In vivo bone tumor  Initial tumor volume Ref.
materials agent form temperature efficiency biocompatibility assessments model and in vivo
therapeutic efficacy
accelerated their osteogenic tumor model; decreased to 0 in the
differentiation in vitro Balb/c nude mice BP-BG NIR group
Akermanite MoS, Hydrothermal method 3D-printed 107-120 °Cinairand  Cell viability decreased =~ Upregulated the expression of 5 x 10° Saos-2 10 mm in diameter; [122]
scaffold 38-55 °C in PBS to 26% for Saos-2 cells RUNX2, OCN, OPN and ALP of  tumor cells - Tumors disappeared
and 23% for MDA-MB- rBMSCs; Promoted new bone subcutaneous by day 14, and 89% of
231 cells in the MS- formation in femoral defects in tumor model; tumor cell necrotic
AKT + Laser group rabbits Balb/c mice rate in the MS-AKT +
laser group
CaCO3 and PCL Egyptian blue Solid-state reaction 3D-printed 33-61°C Cell viability of 143B Upregulated the expression of 143B cells - 60 mm>; Tumor [123]
(CaCuSiz010) scaffold and HOS cells RUNX2, OCN and BMP2; subcutaneous volume decreased
nanosheets decreased to less than Promoted new bone formation tumor model; from 60 mm? to
8% after 5 min laser in calvarial defect in rats for BALB/c mice around 0 mm? in the
irradiation the CaPCu group CaPCu + NIR group
B-TCP Cu-TCPP In-situ growth method 3D-printed 84.58-108.18 °C in 90% of mortality rate Upregulated the expression of 7 x 10° Saos-2 8 mm in diameter; [124]
scaffold air and on LM8 osteosarcoma ALP, BMP2, OCN and RUNX2 cells - Relative tumor
42.04-55.07 °CinPBS  cells after 10 min in HBMSCs; Significantly subcutaneous volume decreased
irradiation in the 20Cu-  enhanced the osteogenic and tumor model in from around 5.7 to
TCPP-TCP group angiogenic differentiation of mice 0.5 in the 20Cu-TCPP-
HBMSCs and HUVECsS; TCP + NIR group
Promoted the regeneration of
new bone tissues in femoral
defects in rabbits
Calcium phosphate Co-TCPP Physical mixing Cement 71-95 °C in air and Cell viability of MG-63 Promoted the proliferation of 2 x 10°LM8 cells- 3 mm in diameter; [125]
cements (CPC) nanosheets ~50 °C in PBS cells decreasedto 3%in  rBMSCs subcutaneous Relative tumor
the 1% Co-TCPP/CPC At low concentration of cobalt ~ tumor model in volume decreased to
+ laser group ions; Upregulated the mice around 0 in 1%Co-
expression of BMP2, OCN and TCPP/CPC + laser
RUNX 2; Promoted new bone group
formation in femoral defects in
rabbits
PCL Wesselsite Physical mixing 3D-printed ~55°C Cell viability of Saos-2 No significant cytostatic effects 1 x 107 Saos-2 100 mm?; Relative [126]
(SrCuSis040) scaffold cells decreased to less on proliferation of rBMSCs and  cells - tumor volume
nanosheets than 10% in the 4-SC/ HUVECs; Upregulated the subcutaneous decreased to around
PCL group expression of OCN, BMP2 and tumor model in 0 in the 4-SC/PCL +
RUNX2; Promoted new bone mice NIR group
formation in calvarial defects
in rats in the 4-SC/PCL scaffold
group
Akermanite Fe3S4 microflowers Hydrothermal process 3D-printed ~90 °C in air and Cell viability of MG 63 No negative effect on the 2.0 x 10° LM-8 300 mm?; Tumor [127]
scaffold ~55 °C in PBS decreased to 1.54% proliferation of hBMSCs; cells - volume decreased to
when temperature Upregulated the expression of subcutaneous 0 mm?® in the FesS,
reached 52 °C OCN, RUNX2 and BSP; tumor model in -AKT + AMF group
Promoted new bone formation  mice
of femoral defects in rabbits for
AKT and Fe3S4-AKT groups
Akermanite Fe304 Adsorption 3D-printed ~80°CatpH7.4and  All MNNG/HOS cells Negligible toxic impact on 2 x 10° MNNG/ 200 mm?; 15.8%, [130]
nanoparticles scaffold ~60 °C at pH 6.0 in died under AMF in rBMSCs; Upregulated the HOS cells - 45.3%, 63.2% and
PBS AKT-Fe304-CaO; group expression of BMP2, OCN, subcutaneous 91.4% inhibition

RUNX2 and COL 1 in rBMSCs
and promoted the adhesion
and osteogenic differentiation
of rBMSCs; Stimulated

tumor model;
Balb/c mice

efficacy in the AKT-
Fe304, AKT-Fes04-
Ca0,, AKT-Fe304-
AMF and AKT-Fe304-

(continued on next page)
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Table 4 (continued)

Ref.

Initial tumor volume

and in vivo

In vivo bone tumor

model

Osteogenesis or

In vitro therapeutic

efficiency

Maximum

Local delivery

form

Fabrication method

Photothermal

agent

Building block
materials

biocompatibility assessments

temperature

therapeutic efficacy

CaO,-AMF groups,
respectively

osteogenesis in cranial defects

in rats

[131]

Relative tumor

5 x 10° MNNG

Promoted the proliferation of
hBMSCs; Upregulated the

Moderate anti-

~55 °C in air

Mesoporous
scaffold

Freeze drying

SrFe 2019,

Calcium silicate

volume decreased

osteosarcoma cells
- subcutaneous

proliferative impacts
on MG-63 cells in

doxorubicin

(CaSiO3) and
chitosan

from around 3.0 to

expression of BMP-2, Smad
and Runx2 of hBMSCs

0.5 in MCSC1:3/DOX-

NIR group

tumor model in

mice

MCSC 1:7/DOX and
MCSC 1:3/DOX

scaffolds

[132]

300 mm?; Tumor cell

necrotic rate

5 x 10° MNNG

tumor cells -

Promoted the proliferation of

Time-dependent
hBMSCs; Upregulated

~46.3 °C

3D-printed
scaffold

Freeze drying

SrFe;5019

Bioglass and chitosan

cytostatic effects on

MG-63 cells in

nanoparticles

increased to 84.6% in
the MBCS1:3/NIR

group

subcutaneous

expression of OCN, COL1,
Runx2 and ALP of hBMSCs

tumor model in

mice

MBCS1:7 and MBCS 1:3

groups

[133]

8 mm in diameter;

Relative tumor

1 x 107 cells 143b

cells -

No negative effects on the

Cell viability of 143B

cells decreased to
48.6% after 24h

45-73 °C in air and
45-54 °C in PBS

Biphasic bone

cement

Fe304/graphene Mixing

oxide (GO)

a-tricalcium phosphate

adhesion and proliferation of
rBMSCs; Promoted new bone

(a-TCP)/calcium

volume decreased to

subcutaneous

nanocomposites

sulfate cement (CSC)

less than 1 in the aC-
10FG + AMF group

tumor model in

mice

tissue growth in cranial defect

of rats
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osteosarcoma cells in vitro. In an orthotopic osteosarcoma model of mice,
the hybrid hydrogel was implanted after surgical resection of orthotopic
osteosarcoma, which eradicated the residual tumor tissue and prevented
further recurrence. In addition, NIR-responsive transition metal ele-
ments are more appropriate as photothermal energy converters for hy-
perthermic tumor therapy than other optical absorbers due to plasmonic
characteristics, strong optical, and thermal stabilities [118]. For
instance, several elements (e.g., Cu, Fe, Mn, Co) were doped either
separately or collectively into 3D-printed BG scaffolds, and after laser
irradiation (1 W/cm?) of scaffolds containing multiple elements more
than 95% of osteosarcoma cells on these doped scaffolds were killed in
vitro [119]. Moreover, upon NIR irradiation with a laser density of 0.54
W/cm?, scaffolds doped with single elements exhibited various photo-
thermal anticancer effect following the trend: Cu-BGC > Fe-BGC >
Mn-BGC > Co-BGC > BGC, which indicated that the photothermal effect
depends on the specific element. In vivo anticancer assessment showed
that Cu- and Fe-doped scaffolds resulted in tumor tissue necrosis rate of
94.9% and 90%, corresponding to superior photothermal anticancer
performance compared to other elements.

Besides pure metals, metal-based compounds (e.g. 2D metal-based
nanocrystals and nanosheets) have also gained interest as photo-
thermal agents for hyperthermic treatment of bone tumors due to their
high photothermal conversion, surface area, and photostability [120].
2D nanosheets such as semiconductors [121,122], metal-based chalco-
genides [123], and metal-organic framework (MOF) [124,125] possess
flexible surface and high surface area, which can rapidly respond to
external light and exhibit high photothermal conversion efficiency.
Egyptian blue (EB, CaCuSi4O19) and strontium copper tetrasilicate
(SrCuSi4010, SC), which are representative copper-containing chalco-
genides, have been reported to display excellent absorption in the NIR-II
bio-window (1000-1350 nm) with superior penetration depths
compared to irradiation by NIR-I lasers (650-1000 nm) [123].
Metal-based chalcogenides were used in combination with 3D-printed
PCL scaffolds, and the exothermal temperature increased to over 45 °C
upon 1064 nm laser irradiation (0.6 W/cmz) within 5 min, leading to
more than 90% mortality of osteosarcoma cells in vitro [126]. In vivo
evaluation of antitumor effects showed that the tumor temperature
rapidly raised to 53.4 °C upon irradiation of the scaffold with a laser,
which resulted in complete tumor eradication vs. progressive tumor
growth in controls. The aforementioned metal-based bifunctional bio-
materials promoted proliferation of bone marrow stromal cells (BMSCs)
and upregulated the osteogenic gene expression in vitro. Furthermore, in
vivo evaluation of osteogenesis in bone defect models surprisingly
demonstrated that the introduction of metal-based photothermal agents
promoted new bone formation.

Different from NIR-absorbing materials, stimulation of magneto-
thermal agents by an AMF results in heating to locally induce hyper-
thermia [127]. Magnetothermal therapy generated by magnetic heating
seeds deeply penetrates tissues and organs within the human body
[128]. Moreover, magnetic fields can stimulate cell responses to control
cell behaviors including cell proliferation and differentiation [129]. To
date, nano-sized magnetite (Fe304,) is the most popular type of magnetic
heating seed for hyperthermic treatment due to its low activation en-
ergy, high temperature increase, chemical stability, and porous oxide
structure. Fe3Og4-loaded 3D-printed Akermanite (AKT, CayMgSi2O7)
scaffold was subjected to AMF irradiation (500 KHz; output current, 22
A; coil diameter, 10 cm), and its temperature increased to 90 °C within 1
min [130]. Sufficient hyperthermia and -OH hydroxyl radical were
produced to kill human osteosarcoma cells in vitro, and 91.4% of sub-
cutaneous osteosarcomas were eradicated in vivo. In addition to Fe3O4
magnetite, selected ferrites have also been investigated as magnetic
heating seeds for application of magnetic hyperthermia therapy [131,
132].

However, the hyperthermic efficacy of Fe304 nanoparticles incor-
porated in biomaterials can be compromised by shielding and poor
thermal conductivity of the surrounding biomaterial matrix. To
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overcome this problem, GO and Fe3O4 nanoparticles were added
together to biphasic bioceramic bone cement, resulting in heating curves
rising up to 73 °C in air (48 KHz, 46000 and —6000 Oe at 300 K) [133].
Furthermore, this bone cement selectively killed osteosarcoma cells in
vitro, and led to enhanced tumor tissue necrosis and less lung metastasis
compared to the controls in vivo. Similar to the metal-based photo-
thermal agents, magnetothermal agents hardly reduced adhesion and
proliferation of BMSCs, upregulated the osteogenic genes of BMSCs in
vitro, and accelerated new bone growth of bone defects in vivo.

5. Conclusion and future perspectives

With the development of image-guided surgery and progress of
chemotherapeutic drug development and efficacy, the 5-year survival
rate of bone tumors has significantly improved over the last years.
However, high lethality due to local recurrence rates of malignant bone
tumors remains a major clinical stumbling block toward effective bone
tumor therapy. In view of the frequent use of bone substitutes to
regenerate bone defects after tumor resection, different strategies for the
design of bone substitutes with dual functionality to simultaneously
stimulate bone regeneration and exert anti-tumor efficacy have been
proposed. These strategies take advantage of local anti-tumor efficacy in
the direct vicinity of the resected tumor tissue, which facilitates elimi-
nation of residual tumor cells and circumvents systemic chemotherapy
associated with detrimental side effects.

Bifunctional bone substitutes for treatment of bone tumors can be
therapeutically active based on i) intrinsic anti-tumor efficacy of specific
biomaterials, ii) loading of bone substitutes with anticancer agents, iii)
loading of bone substitute with oxidative stress-inducing agents, or iv)
loading of bone substitutes with hyperthermic agents. The combined
evidence of all in vitro studies suggests that these four strategies to
develop bifunctional bone substitutes have the potential to render
commonly used conventional bone substitute biomaterials therapeuti-
cally active against tumor cells. Moreover, most of the aforementioned
studies provided in vivo evidence as well confirming that bifunctional
bone substitutes can inhibit tumor growth in subcutaneous bone tumor
models and promote new bone formation in bone defect models.

While initial progress in development and preclinical evaluation of
bifunctional bone substitutes is encouraging, clinical translation of these
novel biomaterials is still largely lacking (Fig. 4A). Several issues need to
be addressed to expedite their clinical translation. The most important
hurdle towards translation relates to the lack of suitable models to test
both bone regenerative and anticancer efficacy simultaneously in a
combined and reliable manner. Currently, the bone-regenerative ca-
pacity of bifunctional bone substitutes is evaluated in well-established
bone defect models, which lack the presence of a bone tumor. In
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contrast, the anticancer efficacy of these bifunctional biomaterials is
predominantly tested in non-osseous ectopic tumor models (e.g. at
subcutaneous sites; Fig. 4B), which lack physiological and anatomical
resemblance with bone and predictability for clinical efficacy.

Due to the presence of an immune system, orthotopic bone tumor
models have been developed and used as in vivo testing model, but
orthotopic bone tumor models can only be developed in immunodefi-
cient mice. However, the volume of mouse bone is small, and after tumor
preparation the tumor resection and subsequent filling of biomaterials
are almost physically impossible. Although mice are isogenic, the indi-
vidual sensitivity to tumor cells is still different, which can result in
significant inter-individual differences in tumor volume after modeling.
More importantly, bone tumors grow uncontrollably following tumor
cell injections. If the timepoint of intervention is too late, tumors may be
too large for surgical removal or may have already metastasized, sce-
narios which both have a detrimental impact on animal welfare.

Nevertheless, tumor ablation based on photothermal agent has pro-
gressed to the clinical trial phase for treatment of prostate cancers [116],
but clinical evidence for their anticancer efficacy in the treatment of
primary or metastatic bone tumor has not yet been obtained. In addition,
bifunctional biomaterials are generally recognized as potent eliminators
of tumor cells while simultaneously promoting bone healing, but the
balance between their chemotherapeutic efficacy vs. dose-dependent
local and systemic toxicity as well as long-term biosafety still needs to
be confirmed in suitable bone tumor models before extensive clinical
testing can be considered.

This review highlighted the most common strategies to design
bifunctional biomaterials which can promote bone regeneration and
simultaneously kill residual tumor cells after bone tumor resection. By
exploiting the intrinsic anticancer efficacy of specific biomaterial com-
ponents, adding anticancer agents, incorporating oxidative stress-
inducing agents, and/or incorporating hyperthermia generators into
appropriate bone substitute materials, optimized treatment strategies
can be generated in future by multidisciplinary teams consisting of
chemists, material scientists, pharmacists, oncologists, and surgeons to
offer new therapeutic solutions for patients suffering from bone tumors.
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