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Abstract

The development of stimuli-responsive nanomedicines with tunable cargo release is gathering an
increased applicability in bone regeneration and precision biomedicine. Yet, the formulation of
nanocarriers that explore skeletal-specific stimuli remains remarkably challenging to materialize
due to several endogenous and disease-specific barriers that must be considered during

particle design stages. Such anatomo-physiological constrains ultimately hinder nanocarriers
bioavailability in target bone tissues and impact the overall therapeutic outcome. This review

aims to showcase and critically discuss the hurdles encountered upon responsive nanocarriers
delivery in the context of skeletal diseases or tissue regeneration scenarios. Such focus is
complemented with an in-depth and up-to-date analysis of advances in the development of stimuli-
responsive, bone-focused delivery systems. In a holistic perspective, a deeper knowledge of human
osteology combined with advances in materials functionalization via simple precision-chemistry

is envisioned to incite the manufacture of stimuli-triggered nanomedicines with more realistic
potential for clinical translation.

1 Introduction

The continuous improvement in humans life-expectancy in the past decades has contributed
for an increased incidence of numerous skeletal diseases and age-related bone abnormalities
such as osteoporosis, osteoarthritis, osteomyelitis or bone cancer [1]. Regardless of several
decades of scientific and medical progress, still no definitive treatment options exist for any
of these pathologies [2].

Currently available treatment options for such disorders rely mostly on pharmacological-
based therapeutics that are administered under various regimes according to each individuals
disease progression status [3]. Despite their recognizable therapeutic benefits, these
approaches are still undermined by deleterious side effects that affect patients general health
and daily quality of life. This issue is clearly evident for various therapies that are currently
employed in the clinics [4]. For example, the administration of FDA-approved recombinant
parathyroid hormone (PTH) is limited to severe cases of osteoporosis and for a maximum
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period of 2 years, owing to the increased risk of developing osteosarcoma as a side effect
[5]. Likewise, the oral administration of antiresorptive bisphosphonates has been reported
to induce gastric ulcer and osteonecrosis of the jaw [6,7]. In the case of bone diseases that
require immediate treatment such as osteosarcoma, the access of systemically administered
pharmaceutics to the tumor is also physically hindered due to the existence of a denser
osteoid. Such limitation adds on to the common side-effects underlying chemotherapeutics
systemic administration [8].

The challenge of administering bioactive molecules to diseased bone tissues lies in

attaining an optimal compromise between: (i) pharmacokinetic/pharmacodynamic (PK/PD)
parameters, (ii) the administered dose, (iii) the existence of off-target side-effects (e.g.,
nephrotoxicity, cardiotoxicity, etc), (iv) the overall treatment efficacy and, more importantly,
(v) the short or long-term therapeutic outcome.

To overcome such issues, the development of advanced nanosized carriers formulated

for delivery of bone therapeutics via different administration routes has been extensively
explored in the past decade [9-12]. Such nanocarriers have so far been engineered to modify
drugs pharmacokinetics to improve their local concentration, whilst reducing unspecific
tissue partitioning. Ensuing nanoformulated bone therapeutics bioavailability following
minimally intravenous administration is a crucial parameter to address during pre-clinical
design stages, especially considering that some bone sections are poorly perfused and that
its highly hierarchic structure naturally restricts particles access [13]. Numerous /n vitro and
/n vivo studies highlight the potential of nanocarriers for delivery of bioactive molecules to
treat different bone disorders, but so far, very few have managed to actually reach clinical
trials. One example is the Phase Il trial (NCT03140657 — currently at recruitment stage),
which aims to evaluate the use of nanoformulated curcumin for the treatment of patients
diagnosed with Ankylosing spondylitis. Other interesting clinical trial focusing on bone
regeneration was recently completed in China Medical Hospital (NCT01323894). This study
involved the use of stem cells transfected with hydroxyapatite-based nanoparticles as a
strategy to improve human mesenchymal/stromal stem cells (hnMSCs) osteoblastogenesis.

It is important to highlight that both trials employ pristine nanoparticles with no specific
selectivity for bone tissue or bone tissue progenitor cells. In fact, as the knowledge on the
complexity of bone disease/remodeling dynamics deepens, there is an ever-increasing notion
that simply relying on increased drug accumulation in bone tissues and passive diffusion
from nanocarriers may not be enough to achieve a selective and clinically significant
therapeutic effect [14,15].

The functionalization of nanocarriers with bone targeting moieties is particularly valuable
for improving accumulation in bone-specific cells or in dynamic bone disease scenarios.
Among the different molecules explored to date, bisphosphonates, aptamers and peptides
(e.g., aspartate-based oligopeptides), have been the most used to functionalize nanocarriers
surface and endow them with bone-targeting properties [16—18]. Interestingly, some of these
peptides are capable of minimizing particle aggregation in biological media, while others
possess inherent osteogenic properties [17,19]. The latter could be interesting to formulate
bone nanotherapeutics that take advantage of drug-peptide combination therapies as means
to achieve a synergistic osteo-regenerative effect.
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Apart from the desirable increase in nanomedicines bone selectivity, the controlled release
of therapeutics is also a major aspect that is yet to be fully controlled /n vivo.

Stimuli-responsive nanocarriers have been investigated in the last years as an approach

to circumvent the characteristic burst-type release profile of hano-formulated therapeutics
or the residual release during parenteral administration. To achieve this control, these so-
termed smart delivery systems, can be precisely tailored to respond to internal, external,

or physiological triggering conditions as means to promote a fine tuning of bioactive
molecules release [20]. Specifically, stimuli-responsive nanocarriers have been engineered to
respond to triggers such as: (i) pH gradients, (ii) redox conditions; (iii) light; (iv) ultrasound
(v) magnetic fields; (vi) temperature or (vii) enzymes [20]. The majority of these have
significant potential to be used in the context of bone regeneration or skeletal diseases.

In fact, the progression of some chronic bone disorders is characterized by changes in

the biological microenvironment, resulting in pathophysiological-induced shifts (e.g., pH,
enzymes, temperature) that can activate nanotherapeutics release.

From this standpoint, this review aims to showcase state-of-the-art stimuli-responsive
nanocarriers applied in bone-related therapies, as well as their unique designs and properties.
The different biological barriers encountered during nanosized particles systemic delivery

is also addressed in a disease-specific mode as this should be a determinant factor during
pre-clinical design and testing stages. As an overarching concept the loading of osteo-
regenerative/resorptive drugs or bone chemotherapeutics within nanocarriers, combined with
the inclusion of sensitive stimuli-responsive linkages should enhance their efficacy while
minimizing off-target cytotoxic effects.

2 Biological barriers to nanocarrier-mediated delivery of bone

therapeutics

Upon parenteral administration, the accumulation of pristine or targeted stimuli-responsive
delivery systems in bone is hindered by its unique anatomic structure. In essence, mature
bone is a complex calcified tissue primarily composed of: 50-70 % mineral hydroxyapatite
(HA), 20 - 40 % collagen matrix, 5-10 % water and 1-5 % lipidic contents [14].
Hierarchically, it consists of: (i) cortical bone, a compact shell with rapid tissue turnover
that is comprised of well-aligned Haversian systems, also termed Osteons, which run in
parallel along the structure, and (ii) cancellous (trabecular) bone, a highly porous core that
consists of an intertwined microarchitecture with bone marrow-filled free spaces. Both these
structures represent 80 % and 20 % of total bone mass, respectively [21-23]. The Osteon is
particularly interesting as it harbors nerves and arterial/venous blood vessels. In this system,
Haversian canals run longitudinally and Volkmann canals branch out radially, endowing

the entire osteon with an intricate vascular network [24]. The osteon is also comprised by
concentric lamellae with embedded osteocytes, interconnected through canaliculi channels
with approximately 100 - 300 nm in diameter [25,26]. From a therapeutic perspective, such
may be an important size threshold for successful delivery of nanomedicines to osteocyte
cells in different disease scenarios.
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Since bone is a highly complex and dynamic tissue from both an anatomical and
physiological level, the question arises as how are nanoparticles capable of accumulating
within the bone matrix and be internalized in deregulated bone cells.

Recently, several reports have been detailing nanocarriers /n vivo fate and focusing on major
biological barriers or tissue accumulation issues encountered upon parenteral administration
[27][28,29]. However, the barriers encountered upon particles intravenous administration
and during accumulation in bone tissues have been poorly described so far. Such is

evident both in the context of non-malignant bone diseases and in bone regeneration
scenarios. Having a fundamental knowledge about skeletal anatomo-physiological barriers is
paramount to design more effective bone-specific nanotherapeutics.

There are several biological barriers that may hinder nanocarriers delivery via systemic
route to different tissues including bone. In an overview, following intravenous injection,
nanotherapeutics must first travel in the bloodstream for sufficient time to promote
accumulation in bones, either by probabilistic passive accumulation, or by active targeting
to cell-specific moieties. The latter could be achieved by designing nanocarriers targeted
to specific bone cell receptors such as Periostin, or neighboring extracellular matrix
components (reviewed in detail elsewhere [4,30,31]). To achieve sufficient circulation time
for accumulation in the desired tissues, nanocarriers must also be formulated to avoid
opsonisation and sequestration by the components of the reticuloendothelial system (RES)
including phagocytic cells of the liver (e.g., Kupffer cells), spleen (e.g., Splenocytes), as well
as kidney excretion (< ~5 nm) (reviewed in detail in [27]).

Once in the vicinity of skeletal tissues, nanocarriers are transported by the nutrient arteries
that penetrate the bone cortex and give rise to cortical capillaries that connect to the medullar
vascular capillaries. These capillaries form a dense blood network inside the bone marrow.
While vessels in cortical bone are characterized by a continuous lining of endothelial

cells with no phago-endocytic activity, the microvascular bed in bone marrow sinusoids
possesses phago-endocytic activity and several intercellular gaps often appearing to have an
incomplete basement membrane [24,32].

Upon reaching the bone marrow vessels, nanocarriers can then transverse it by extravasating
either via (i) intercellular gaps (paracellular pathway), or (ii) by phago-endocytic uptake
throughout the endothelium (transcellular pathway) [33] (Figure 1).

In general, the mechanisms of accumulation across the marrow-blood vessel barrier have
been poorly explored so far and further insights on their influence in nanotherapeutics
accumulation are necessary for improving their potential.

To better understand and explore nanoparticle accumulation in bone through the paracellular
pathway two main aspects must be discussed. First, the existence of different types of gaps
throughout the endothelium of bone marrow capillaries is unclear. In a detailed review
performed by Sarin, the bone marrow endothelium is described as non-fenestrated, except
when hematopoietic cells are traversing through it and creating transient openings [32].

The author suggests that the primary route of biomacromolecules transport to marrow
interstitial space is via phago-endocytic uptake (molecules > 5 nm) and macula occludens
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inter-endothelial junctions (lipid-insoluble molecules < 5 nm in diameter) [32]. Other reports
define bone marrow capillaries as being discontinuous/sinusoidal, with large sinusoidal

gaps between endothelium cells, but with no diaphragm [34]. Therefore, it seems that

there is some ambiguity regarding the classification of this particular set of capillaries.
Providing further insights on these structures could aid in the design of the next-generation
of nanotherapeutics.

The presence of diaphragms and their role in the extravasation of nanoparticles via these
intercellular spaces is also not yet clear. The possible presence of diaphragms in marrow
fenestrae likely reduces flexibility/permeability and may further constrain therapeutics
transport. In comparison with other preferential particle accumulation organs such as the
liver, the boundaries of hepatic open fenestrae lack a considerable amount of glycocalyx
matrix fibers rendering these fenestrae less restrictive [32]. It is unknown whether this
pattern of glycocalyx is similar in marrow fenestrae [32]. Overall, the presence of the
diaphragm in fenestrae and adjacent patterning of glycocalyx matrix fibers could play a role
in delineating the physiologic upper limit of pore size and affect particles accumulation.
The type of capillaries also varies between red (hematopoietic) and yellow (fatty) bone
marrow. While vessels in red marrow are characterized by flat reticulum cells with many
diaphragmed fenestrations and no basal membrane, in yellow bone marrow the vessels

are closed and continuous, akin to those present in other tissues such as the muscle [35].
Interestingly, this may help explain the biodistribution pattern that Sou and co-workers
observed after intravenous administration of bone marrow-specific liposomes (216 £+ 21 nm)
in non-human primates [36]. Besides achieving 70 % of the administered dose accumulated
in the bone marrow, these researchers observed that liposomes biodistribution in rhesus
monkeys was similar to that of the pattern of red marrow in humans. Because red marrow
is highly irrigated with sinusoid capillaries, one can hypothesize that this reflects the
importance of sinusoids in nanocarriers bone marrow accumulation.

The second aspect that must be considered in the paracellular accumulation pathway is

the exact marrow fenestrae dimension in humans, particularly in non-malignant disease,
since this is currently unknown to the best of our knowledge. The reported size fenestrae
ranges in the literature are extrapolated from a multitude of studies performed only in
animal models and should be updated with robust information from human studies. The
existing differences in bone vascular microarchitecture between species may impact the
analysis of the biological performance of nanocarriers and impair their successful clinical
translation in the long run. In fact, there is a clear disparity between the organization of
cortical vascularization in long bones among species, with rodents lacking well-developed
Harvesian remodeling systems when compared to larger mammals [37]. This type of
remodeling is a significant source of cortical porosity and age-related bone loss, being

thus important for therapeutics delivery in aged individuals [37]. Also, rodent marrow

and cortical vasculature are thought to be in series, contrasting with parallel vascular
networks in humans [24]. In other species, such as rabbit and marmoset (but not humans),
perisinal macrophages populate the marrow stroma adjacent to bone sinus endothelium,
often extending cytoplasmic processes into the lumen and monitoring circulation [38]. These
perisinal macrophages are an active component of the marrow-blood barrier and play a key
role in the uptake of triglyceride-rich macromolecules.
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It is important to emphasize that these vascular and cellular barriers are altered in
bone-specific diseases including bone cancer/metastasis, inflammation or during bone
remodeling/regeneration processes. In bone regeneration scenarios, after transposing blood
vessels and entering the marrow stroma/extravascular space nanocarriers encounter a
complex bone extracellular matrix that hinders diffusion (Figure 1, ECM). Adding to

this, nanotherapeutics need to subsequently overcome phagocytosis by macrophages and
avoid unspecific uptake by hematopoietic/mesenchymal stem cells. The latter is particularly
important to minimize potential toxicities to the hematopoietic niche and could lead to

the development of many disorders such as leukemia. In bone remodeling areas and
regeneration scenarios nanocarriers also need to overcome osteomac-based cellular canopy
isolating bone remodeling pockets from marrow compartments and get internalized for
example by target osteoblasts (Figure 1, canopy) viathe various cellular uptake pathways
(reviewed in detail by Hillaireau and co-workers [39]). All these events depend on the
dynamics of bone blood perfusion as it will be discussed.

2.1 Influence of bone physiological blood flow on nanocarriers accumulation

Skeletal perfusion is a fundamental parameter following nanocarriers parenteral
administration and influences bone therapeutics accumulation dynamics. Interestingly, the
values of blood flow vary significantly amongst different skeletal regions. For instance,
trabecular bone experiences approximately 4-fold increased blood perfusion when compared
to cortical bone [25]. This vascular diversity should result in different exposures to
nanocarriers. Several pathological conditions have been associated with impaired blood
flow and subsequent bone loss, such as osteonecrosis, postmenopausal-osteoporosis (in both
women and ovariectomized mice) and glucocorticoid-induced osteoporosis, which may be
linked with increased conversion of the more vascularized red marrow to yellow marrow
[37,40,41]. The vessels in fatty bone marrow are closed and less vascularized than those

of the red marrow [42], such can limit nanoparticle extravasation. Patients suffering from
myelodysplastic syndromes also present an abnormal expansion of sinusoidal compartments.
Nanotherapeutics could potentially benefit from facilitated access across the bone-marrow
barrier in these scenarios akin to what is normally proposed by the enhanced permeability
and retention (EPR) effect in cancer [43]. However, the latter should be addressed carefully
as this phenomenon is quite variable from patient to patient and its true impact in
therapeutics accumulation is yet to be fully elucidated in a clinical setting [44,45]. Strategies
to augment the EPR through vascular modulators (e.g., nitric oxide, bradykinin [46]) have
been investigated so far for cancer with some promising pre-clinical /n vivo data [47]. To the
best of our knowledge such has not been explored for other bone disorders that could benefit
from this strategy. One can postulate that dynamic studies addressing this may provide
important insights to increase the performance of disease-specific nanocarriers.

A recent study performed by Ramasamy and co-workers is one of the few that investigated
the fundaments of blood flow dynamics in bone by using /n vivo fluorescence intravital
imaging. The reported results indicate that blood velocity in type H capillaries is about
6-fold higher than that of sinusoidal type L vessels (Figure 2) [41]. However, it is worth
noting that this set of data pertains to 4-week-old mice tibial vasculature and thus could lead
to importance differences in blood flow in more matured animals.
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Considering that osteoporosis and aging diminish bone perfusion, associated with the
reduction of type H capillaries, these aspects must be taken into consideration during
particles pre-clinical design and investigation of optimal dose/treatment regime. Age-
induced increase in vascular stiffness and calcification of muscle vessels has also shown

to contribute to an impaired vascular function in humans [48]. Such is corroborated by
ultrasound doppler data that indicates a 30 % lower femoral artery blood flow in aged
human male patients (average of 64 years) in comparison with those of young men in their
mid-twenties [49]. It is therefore clear that bone vascular complexity and the blood-marrow
interface pose significant barriers for nanotherapeutics delivery. To overcome these barriers
various particles physicochemical parameters should be optimized, including surface charge,
shape and size. The latter is one of the most important aspects that needs to be considered
to improve therapeutics pharmacokinetics and performance in the bone blood-marrow
microenvironment.

2.2 Nanocarriers size-dependent bone accumulation

Regarding nanocarriers size-dependent bone accumulation there are some literature reports
that suggest optimal bone delivery for nanocarriers under 80 nm, motivated by the detailed
work of Howlett and co-workers on avian tibia microstructures [50]. It is important to
emphasize that up-to-date there is a scarcity in human and non-human primate studies
regarding this topic [50]. Considering the disparity between the physiological upper limit
of pore size in human hepatic sinusoids (180 nm) versus rodents (280 nm), one could
expect that bone microvasculature could also be slightly different across mammals [32].

In fact, differences between avian and mammalian erythropoiesis could convey important
differences in the organization of the bone sinusoids traversing the marrow. In mammals
erythropoiesis is extravascular, whereas in birds is intravascular and involves no marrow-
blood barrier [51]. More studies on the ultrastructure of bone microvasculature across
species are necessary to shed light into the optimal design of nanocarriers.

The size of rabbit bone marrow fenestrae was reported to range from 85 nm to 150 nm [52].
This is supported by the work of Porter and colleagues, that studied the accumulation of
poloxamer 407-coated polystyrene particles (sizes of 60, 150 and 250 nm) in rabbit femoral
bone marrow [53]. The obtained results indicate that nanoparticles with sizes of 150 nm and
below, effectively avoided liver and spleen clearance and were predominantly located within
bone marrow sinus endothelial cells after 24 h. Such was evident by the formation of dense
bodies consisting of particle clusters. Importantly, in this study no evidence of transcytosis
to the marrow extravascular space was observed [53]. However, it was also not clear if

the 250 nm nanoparticles were not efficiently accumulated in bone due to size limitations
of the nanocarrier or due to increased RES uptake in spleen and liver, as these particles

had less density of stealth polymer coating when compared to smaller formulations. Bone
marrow targeting by these poloxamer 407-coated nanoparticles is a phenomenon reportedly
only in rabbit-based animal models [38]. This observation is not related to the exclusive
perisinal macrophage population present in rabbit marrow, because the authors claimed that
these macrophages were unable to interact with the poloxamer particles, perhaps due to

the steric barrier provided by the hydrophilic moieties of poloxamer-407. Not only does
this emphasizes the key role of nanocarrier composition in marrow uptake, but reinforces
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the differences between different animal models. Conversely, non-targeted liposomal
formulations of several sizes (136-318 nm) were unable to significantly accumulate in rabbit
bone marrow in a biodistribution study following intravenous administration [52]. Another
study performed by Mann and colleagues exploited the unique expression of E-selectin in
bone marrow endothelium by using nanoparticle-loaded, E-selectin functionalized, porous
silica microcarriers administrated intravenously in mice [54]. Remarkably, the targeted
microparticles (~1.6 pm) were capable of delivering paclitaxel-loaded nanoliposomes
(25-35 nm) within bone marrow endothelium, as demonstrated by fluorescence microscopy
analysis [54]. Some studies also suggest that nanocarrier dosage could play a role in bone
marrow uptake. When administering liposomal dosages above 50 mg/kg in rabbits, the

bone marrow appears to be the first tissue to become saturated, followed by increased
uptake in the liver and spleen [52]. These reports further highlight the importance of fully
characterizing nanocarriers surface chemistry and targeting moieties type and density; since
these parameters play key roles in the outcomes of biodistribution studies [55,56]. Ideally, it
is important to also evaluate nanocarriers protein ‘hard’ and ‘soft’ corona and its influence in
in vivo particles targeting performance [34]. The sole functionalization of stimuli-responsive
nanocarriers with osteotropic bone moieties may not confer bone selectivity if the bound
protein corona temporarily or permanently shields these linkers, as it was already observed
for transferrin-functionalized nanoparticles [57,58].

On this topic some emerging imaging technologies could prove useful in clarifying
nanocarriers bone accumulation. Sun and his team developed a bone imaging toolkit
containing several clinically relevant fluorescent probes, which could be useful for further
investigation of bone physio-pharmacology (Figure 3A) [59]. Using a different strategy,
Peck and colleagues exploited synthavidin technology to design highly biocompatible pre-
assembled probes with affinity for high turnover living bone regions [60]. Notably this probe
maintained high stability even after 24 h past administration (Figure 3B). The probe does
suffer from squaraine self-quenching in aqueous solutions, but binding to bone surfaces
inhibits this effect, an exciting observation that may be useful in the future for improving
signal/noise ratio (Figure 3C).

The advances in disease-specific imaging and cell tracking techniques in bone tissues

are expected to contribute for a more robust pre-clinical validation of nanotherapeutics.
These techniques will be particularly valuable to follow the release of drugs and
biomacromolecules from stimuli-responsive nanocarriers in complex /n vivo environments.
Such follow-up remains a challenging aspect in the assessment of smart delivery systems
biological performance. In the following section, we will present and discuss up-to-date
reports on stimuli-sensitive nanocarriers that exploit different stimuli in an attempt to
achieve a therapeutically relevant release of bioactive molecules.

3 Stimuli-responsive Nanocarriers for the delivery of Bioactive Molecules

to Bone Tissues

Bone is one of the most dynamic tissues being in constant adsorption/remodeling
during lifetime. Naturally, a myriad of biomolecular cues and hotspot microenvironments
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render bone an interesting organ in which to explore stimuli-responsive delivery at both
homeostatic or pathological scenarios. The latter is particularly interesting since during

the onset and progression of different bone disorders many of skeletal microenvironment
hallmarks and cellular functions become profoundly deregulated. Each of these disease-
specific features represent unique barriers, but also unique opportunities for nanocarrier-
mediated stimuli-responsive release of therapeutics. To date several types of non-responsive
nanocarriers have been explored for bone therapeutics delivery, reviewed in detail elsewhere
[30]. Yet, the majority is unable to achieve a realistic spatiotemporally controlled release of
their payload at the target site. This is observed for various types of cargo including small
molecule drugs, nucleic acids or proteins (e.g., bone morphogenetic proteins).

In general, there are several interesting biological characteristics within bone tissues and
alterations found in different skeletal pathologies that can be exploited for stimuli-responsive
delivery of bone therapeutics (Figure 4).

In the context of bone regeneration scenarios, the existence of specific enzymes involved in
the bone remodeling process, such as cathepsin K, certain matrix metalloproteinases (e.g.,
MMPs -2, -9, -13, -14 and -16), vacuolar H* ATPase (an osteoclastic enzyme that contains

a unique 116-kD subunit which may also be exploited for specific targeting), are valuable
triggers to be exploited. Tartrate-resistant acid phosphatase (TRAP), normally present within
the bone milieu is also an interesting endogenous target for stimuli-responsive delivery
[1,61,62].

On the other hand, certain bone disorders are characterized by specific biological
modifications in the bone vicinity that could trigger cargo release. For example, an hallmark
of osteomyelitis is the reduction in local pH due to bacterial infection [63]. On the

other hand, in osteoarthritis there is a slight localized temperature increase (~2 — 3 °C),

due to joint inflammation [64]. In osteolytic cancer there is a markedly decreased pH

due to exaggerated osteoclastic activity that can be explored as trigger, amongst other

more common exploitations in cancers such as redox-based stimuli within the tumor
microenvironment [65,66]. In this context, the following subchapters highlight the different
strategies currently being explored for the design of stimuli-responsive nanocarriers aimed to
be used for different bone disorders.

3.1 Enzyme-responsive nanocarriers

Enzyme-responsive nanocarriers take advantage of intrinsic enzymatic activity at the
target tissues. Such stimuli can be explored in certain pathologies or during tissue
remodeling/repair where enzyme activity can be upregulated, thus making it an interesting
biological trigger to promote the release of bioactive molecules from nanocarriers at
specific sites [20]. Typically, the most commonly explored instances of enzyme-responsive
delivery take advantage of altered expression profiles of proteases, phospholipases and
oxireductases underlying various scenarios such as wound healing, infectious pathogens,
neurodegeneration, diabetes or tumor invasion [67]. Particularly in the bone milieu,
cathepsin K (CTSK) is one of the most valuable enzyme-based stimuli to be explored.
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CTSK production is associated with the bone remodeling dynamics, particularly bone
catabolism. In this process, osteoclasts (multinucleated cells responsible for resorbing bone),
are localized within the resorption lacunae, an acidic sealed area (pH~4), where these cells
release CTSK and HCI to digest the collagenous organic matrix and hydroxyapatite (HA)
crystals, respectively. Apart from osteoclast-mediated expression, breast cancer skeletal
metastases are also known to overexpress this specific proteinase [68]. Also, CTSK
expression has been reported in fibrotic lung tissues [69]. Hence during pre-clinical
analysis of CTSK-responsive nanocarriers aimed for bone therapies, one should take into
consideration possible unspecific particle accumulation in these organs and undesired drug
release. Directing CTSK-responsive particles to target skeletal tissues is therefore crucial to
maximize their efficacy and reduce side-effects.

Various researchers have explored the incorporation of specific peptides as CTSK-cleavable
linkers in the design of stimuli-responsive nanocarriers for delivery to osteoclastic bone
resorbing zones, including those occurring in osteoporosis.

Peptide sequences that are CTSK substrates such as the GGP-Nle, GGGMGPSGPWGGK
and HPGGPQ have been extensively employed for enzyme-responsive delivery in various
studies [70-72]. Clearly, there are immediately two ways to exploit this cleavage-dependent
delivery: (i) incorporating sensitive moieties in polymeric nanocarrier backbone, eliciting
its disruption upon enzyme exposure; (ii) or attaching the drug to the nanocarrier through
CTSK sensitive linkers, prompting drug release from nanoparticles via enzyme cleavage.
The latter approach has been used with success in a study by Pan and co-workers which
showed the induction of bone formation /n vivo in ovariectomized Sprague-Dawley rats
after administration of prostaglandin E; attached to a Aspg-HPMA copolymer via a CTSK-
sensitive oligopeptide sequence (GGP-NIe) [70]. Also, a particularly elegant approach by
Wang and co-workers exploited the CTSK-mediated cleavage to increase the cellular uptake
of charge-shifting nanocarriers and improve chemotherapeutics delivery to bone metastasis
[72]. In this study, PEG and poly(trimethylene carbonate) diblock copolymer (PEG-b-
PTMC) were synthesized via ring-opening polymerization of trimethylene carbonate
(TMC) and then PEG blocks were functionalized with a chimeric peptide, prior to
doxorubicin (DOX) anti-cancer drug loading. This multifunctional peptide consisted of
three components: i) the exposed anionic aspartate repetitions (Aspg), responsible for bone
targeting; ii) the CTSK substrate (HPGGPQ) sequence linking the two adjacent domains;
and iii) the cationic residue linked to the surface of the diblock copolymer, responsible for
increasing cellular uptake upon CSTK-cleavage (Figure 5). This hybrid biomaterial was able
to self-assemble into micelles in aqueous solution via dialysis under mild conditions (size:
75 £ 10 nm, C-potential —18.5 = 1.9 mV).

The negatively charged micelles then experience a charge-reversal upon reaching osteolytic
lesion sites overexpressing CTSK, due to enzymatic cleavage of the anionic block, which
exposes the cationic moiety and triggers a charge reversal from negative to positive (-18.5
mV to +15.2 mV), markedly increasing /n vitro cellular uptake in MCF-7 breast cancer

cells after 30 min incubation with CTSK, when compared to absence of CTSK conditions
(Figure 5C). Interestingly, following intravenous injection, these enzyme-sensitive polymeric
micelles prolonged the survival of 4TGM1 mice bearing bone metastatic myeloma in
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comparison to free DOX and non-responsive formulations. In addition, serum IgG 2b levels
were the lowest for the CTSK-responsive nanomicelles, which correlates with reduced
tumor burden across all controls.

Another enzyme-based trigger mechanism that can be explored relies on extracellular
matrix-degrading enzymes, specifically matrix metalloproteinases (MMPs). These zinc-
dependent proteinases are actively implicated in bone remodeling and are also involved

in bone cancer dissemination via degradation of the extracellular matrix [73]. Osteoclasts
are known to express various MMPs, including MMP-14, MMP-12 and MMP-9[74], while
osteoblasts are reported to express MMP-13 [75]. Regarding MMP-9, some reports describe
the formulation of smart nanocarriers endowed with MMP-9 sensitivity, however these are
yet to be applied for bone-specific delivery [76,77]. Since MMP-9 is highly expressed

in regenerating bone tissues (e.g., upon fracture), the stimuli-responsive carriers could
enhancing bone regeneration when loaded with appropriate osteoinductive/pro-regenerative
factors [78]. In the context of bone malignancies, Liu and his team developed MMP-7-
sensitive photodynamic molecular beacons that achieved tumor reduction in a vertebral
model of osteolytic bone metastasis [79].

Hyaluronic acid-based nanocarriers may also be explored for stimuli-responsive release in a
disease-specific mode since hyaluronidase is present in some bone disorders. This enzyme
is secreted by Staphylococcus aureus, the main bacterial pathogen for osteomyelitis. The
infectious microenvironment of osteomyelitis is characterized by a marked reduction in
local pH, as well as the local presence of specific glycosidases, phosphatases, lipases and
toxins, all inherent to the excessive proliferation of infecting bacteria [63,80]. To treat this
disease, Baier and co-workers developed biocompatible hyaluronic acid-based nanocapsules
(size: 320 nm, C-potential: -17 mV) carrying polyhexanide, a known antimicrobial agent.
The obtained results indicate that enzyme-responsive formulations had significantly lower
minimal inhibitory concentration against S. aureus and Methicillin-resistant S. aureus
(ATCC 29213 and 43300) when compared to non-hyaluronidase degradable nanocarriers
[81]. As evidenced by Baier, taking advantage of microorganisms hyaluronidase secretion
to trigger the release of encapsulated antibiotics is a valuable strategy to eradicate bacterial
infections not only in bone but also in other tissues.

Despite being valuable examples, more information regarding the kinetics of enzymes
under/over-expression in each patient and at each disease progression stage is necessary.
Adding to this, fundamental /n7 vitro studies regarding the efficacy of enzyme-based
release at very low colony forming units (CFUs) should also be addressed, as the

quantity of produced enzymes could be insufficient to prompt bioactive molecules release.
Such research is envisioned to aid in the determination of the optimal enzyme-sensitive
nanocarriers administration regime and the adaptation of therapy to each patient and
bacterial strain in a more personalized mode.

3.2 Thermo-responsive nanocarriers

Thermo-responsive nanocarriers frequently comprise a thermolabile moiety such as the
extensively explored material poly(N-isopropyl acrylamide) (PNIPAM) or temperature-
sensitive lipids such as dipalmitoyl phosphatidylcholine and lysolipids [20,33]. Temperature
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sensitivity is correlated with materials ability to change their properties with temperature,
often in a nonlinear and sharp mode. The low critical solution temperature (LCST)

of different materials used for nanocarriers assembly is as key parameter to tailor the
temperature-mediated release profile of these delivery systems. Owing to their biological
characteristics, healthy humans have thermoregulatory mechanisms that guarantee constant
body temperature over time. However, some pathophysiological scenarios, including
inflammation and tumors are characterized by higher temperatures than healthy tissues [82].
This thermal difference between cancer and normal tissues has been extensively explored for
developing thermo-responsive nanocarriers with application in cancer treatment, as shown
below. However, because not all tumors behave equally in locally increased temperature
this selective delivery could be further improved by externally heating the tumor site

either through ultrasound, alternating magnetic fields or temperature-controlled water sacks
[20,33]. Yet, we should carefully address the validity of such approaches in the context

of tumors, since the overexpression of heat-shock proteins (e.g., Hsp-70, HSP-90 [83])

may further contribute for cells thermal resistance along time and counteract the cytotoxic
effect of released chemotherapeutics. Some combinatorial strategies for silencing HSPs

and releasing cytotoxic drugs have been under development to circumvent this resistance
mechanism [84].

For the particular case of bone tissues, Staruch and co-workers were able to achieve
magnetic resonance imaging (MRI)-guided drug deposition in bone through the
administration of thermo-responsive liposomes containing DOX (ThermoDox®) [85].
Focused ultrasound heating after liposomal administration in New Zealand white rabbits
resulted in 8.2 and 16.8-fold increased DOX concentration in bone marrow and bone
adjacent muscles, respectively, in comparison with non-heated tissues. On a similar

note, Song and colleagues developed thermo-responsive pamidronate (PA)-functionalized
liposomes containing DOX for treatment of bone tumor metastases [86]. These liposomes
exhibited a strong binding affinity to hydroxyapatite and a complete release of DOX was
observed within 10 min at 42 °C. Blank liposomes showed relatively low cytotoxicity to
A549 cells, regardless of PA-functionalization. However, it is important to underline that
in this study, the heating effect on cell viability with blank liposomes was not explored.
For DOX concentrations over 5 pM, PA-functionalized liposomes clearly showed higher
cytotoxicity than non-targeted liposomes. Pre-heating PA-coated liposomes at 42 °C prior
to /n vitro administration induced higher cytotoxicity than the same formulation at 37 °C,
validating the superior therapeutic effect of the thermo-sensitive liposomes.

Apart from increased temperature in bone cancers, other bone diseases such as

osteoarthritis present at late stages significant joint inflammation, resulting in a mild
increase on local temperature [64]. Such environment can also be exploited with
thermo-responsive nanocarriers for improving therapeutics spatiotemporal delivery and the
overall therapeutic outcome. Current studies on osteoarthritis, such as that of Poh and
colleagues exploit (N,N’-bis(acryloyl)cystamine) disulfide crosslinked PEGylated poly(N-
isopropylacrylamide-2-acrylamido-2-methyl-1-propanesulfonate) nanoparticles to load the
anti-inflammatory peptide KAFAKLAARLYRKALARQLGVAA (KAFAK) (size: 223 £ 9.7
nm, G-potential: -3.81 £+ 2.01 mV). Particles formulation was promoted through temperature
and disulfide crosslinking assembly, while drug loading was achieved through passive
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diffusion below the LCST. Such particles then rely on intracellular stimuli (pH and redox)
for therapeutics spatiotemporally controlled release [87]. In the context of bone disorders,
the KAFAK peptide delivery is promising for osteoarthritis due to its suppression of TNF-a
and IL-6 production. Despite being already an interesting system, the performance of these
nanocarriers could be further improved by external heating so as to enhance the delivery

at intended joints or inflamed areas in the knee [88]. In addition, it is well known that
osteoarthritis progression is related with increased oxidative stress. For example, previously
reported citrate-based thermo-responsive nanocarriers with intrinsic antioxidant properties
could be used in the future to improve osteoarthritis treatment [89].

From the available body of literature, it is clear that there are still significant challenges to
be overcome in the development of bone-specific thermo-responsive nanocarriers to achieve
maximum therapeutic efficacy /n vivo. This is particularly challenging for scenarios where
there is no significant increase of internal temperature, thus requiring external heating

as stimuli. In this context, one of the most important aspects is the ability to assure

an externally focused heating to bone disease sites without affecting neighboring healthy
tissues.

3.3 Ultrasound-responsive nanocarriers

Ultrasound is based on the use of low or high intensity acoustic energy and is widely used in
clinic for non-invasive biomedical imaging [90]. Ultrasound-responsive systems have been
widely explored for delivery of bioactive therapeutics, typically by exploiting liposomal and
micellar nanocarriers [91]. In the context of drug delivery, this external stimulus induces
cavitation of microbubble contrast agents (small gas bubbles) loaded within nanocarriers
hydrophobic reservoirs. The incidence of ultrasound leads to expansion and can ultimately
fragment carriers structure.

Echogenic liposomes have been previously designed to allow multiple stimuli-
responsiveness and enhance the release of bioactive molecules. Nahire and co-workers
developed MMP-9 responsive echogenic liposomes comprised of 1-palmitoyl-2-oleoyl- sn-
glycero-3-phosphocholine with a triple-helical lipopeptide (size: 190 £ 35 nm) [92]. In

this study an increased payload release from liposomes upon simultaneous application of
diagnostic-used ultrasound frequency (3 MHz) was obtained. More recently, Crasto and
her team developed PEGylated liposomes (size: 145 + 20 nm) that released recombinant
human BMP-2 (rhBMP-2) upon ultrasound exposure (1 MHz) (Figure 6) [93]. Such
ultrasound-responsive liposomes exhibited rhBMP-2 release correlated with exposure time
and ultrasound pressure, which lead to increased C2C12 cellular expression of alkaline
phosphatase (ALP) (Figure 6B and 6C). Moreover, these nanocarriers for sonodisruptable
delivery (NSD) were embedded within an absorbable collagen sponge (ACS) for a proof-of-
concept comparison with the clinical standard of rhBMP-2 delivered via ACS implants.
Indeed, UCT data showed that the ACS-NSD groups carrying rhBMP-2 elicited an increase
in bone volume and mineral density (BM) comparable to the ACS-BMP groups (Figure
6D and 6E). By using this strategy, the researchers were able to increase localized bone
matrix formation in a Swiss Webster mice muscle pouch model, representing the first /n
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vivovalidation of ultrasound-triggered delivery of rhBMP-2 and consequently have issued a
patent on this technology [94].

Despite achieving promising results, it must be emphasized that this study involved
liposome impregnation within a collagen sponge, a delivery route that is invasive and

may entail further surgery-associated problems. Apart from standard ultrasound stimulation,
low intensity pulsed ultrasound stimulation (LIPUS) is also valuable in the scope of bone
disorders with recent reports from different researchers emphasizing the ability to enhance
bone regeneration during fracture healing and callus distraction [95]. In addition to its
pro-osteogenic potential, Nagao and his team recently investigated the anti-inflammatory
effects of LIPUS on MC3T3-E1 mouse calvarial cell line, where it was discovered

that LIPUS was able to suppress the nuclear translocation of NF-kB activation induced

by lipopolysaccharide, while also inhibiting the upregulation of toll-like receptor 4 and
inflammatory cytokine I1L-1 [96]. Moreover, this effect was found to be mediated by

an increased expression of mechanosensitive angiotensin receptor type | upon LIPUS
application. We thus hypothesize that this stimulus could potentially be used in the future as
a tool to treat inflammatory bone diseases such as periodontitis or osteoarthritis. Combining
LIPUS with ultrasound-responsive nanocarriers, could be a valuable strategy to design a
stimuli-responsive nanomedicine-based therapeutic approach where not only drug release
could be spatiotemporally controlled, but also where the triggering stimuli itself has
therapeutic activity. Despite being a promising approach for the future, it should be taken
into account that LIPUS potential for bone therapy may vary with a multitude of factors,
ranging from medical history of previous treatments, site of application, type of fracture or
nature of bone loss, treatment regime and patients age [97].

3.4 Magnetic-responsive nanocarriers

Magnetic-responsive nanoparticles respond to magnetic fields and find application in various
areas including bioimaging namely through magnetic resonance imaging (MRI) and as
guidance systems that allow cell or particle magnetic guidance. In this approach, magnetic
forces are used to move nanocarriers towards the intended anatomical sites [20]. Then, the
locally increased drug concentration due to nanocarrier retention is expected to translate

into sustained doses released within the therapeutic window. However, this strategy is
always dependent on the passive release of therapeutics from carriers. Moreover, because
this guidance requires a localized magnetic force, this approach is not very promising

for the treatment of systemic bone disorders such as osteoporosis, that logically require

a widespread delivery to bone tissues. Nevertheless, magnetic delivery systems may be
valuable to direct chemotherapeutics toward target osteosarcoma tumor hotspots and achieve
localized malignant cells ablation [98]. In the context of bone regeneration, particles can be
directed to localized defects such as fractures and be used to deliver bioactive molecules
that prompt regeneration and the development of fully functional tissue [99]. The design

of magnetic-responsive drug release by nanocarriers is of uttermost importance and highly
desirable to control the therapeutic effect overtime. Magnetic-responsive nanocarriers span
beyond the scope of simply being magnetically guided, since external alternating magnetic
fields (AMFs) can be used to disrupt their colloidal structure, thus providing the possibility
to spatiotemporally control drug release in an on-demand mode [100].
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An extensive literature analysis revealed that so far only cationic magnetic liposomes were
explored for magnetic on-demand drug delivery in bone, namely in mouse and hamster
osteosarcoma models, both with successful outcomes [101,102]. These examples take
advantage of magnetically-induced temperature increase. Typically, the diffusion of loaded
drugs from liposomal carriers core increases with bilayer permeability, which in turn is
generally dictated by lipids melting temperature (Ty,). The value of T, can be tailored
depending on the lipid composition, and by tuning the high-frequency AMF pulses. This
promotes lipid bilayer disruption by surpassing the intrinsic Ty, and thereby prompts cargo
release [103,104]. Despite being an attractive design, the application of these smart-release
systems in bone regeneration or other bone disorders is still scarce when compared to its
use in cancer therapy, where there are numerous studies upholding its potential. This could
be due to bone characteristic anatomic location since its localized deep within the body,
constituting a major biophysical barrier that is responsible for a rapid drop in magnetic
field strength with increasing depth. Moreover, the before mentioned intertwining bone
vasculature poses a major barrier in nanocarriers guidance [105]. To overcome the former
barrier, recently, a magnetic spatial localization strategy has been developed in which
magnetic field density can be focused at a distance from the pole. This may overcome
magnetic attenuation and be used for both magnetic guidance and on-demand magnetic-
mediated therapeutics release [106].

3.5 pH-responsive nanocarriers

Therapeutics delivery from nanocarriers via pH stimuli can be explored mainly in two
different modes. The first one involves the design of nanocarriers with a pH-sensitive release
profile resulting from existence of carboxylic acids or amines (including tertiary amines)
within the nanocarrier backbone/structure [14,107]. Changes in the medium pH then results
in different protonation/deprotonation states of these ionizable groups and to a shift in
nanocarriers properties. This behavior can thus be explored for spatiotemporally controlled
delivery of entrapped drugs within polymeric nanocarriers in specific microenvironments.
The second alternative involves drug attachment to pH-sensitive moieties such as polyketals,
acetals or hydrazide linkers that act as anchoring spots for binding the drug to the
nanocarrier until pH-mediated hydrolysis occurs [10,90,108].

To date nanocarriers pH-sensitivity has been mainly explored for cancer therapy due to
the characteristic acidic pH in tumors microenvironment (pH 6.5-7.2) [109,110]. This
characteristic acidity is further accentuated in osteolytic cancers (e.g., bone Ewing’s
sarcoma), due to an excessive osteoclastic activity that acts in concert with cancer cells

to further contribute to bone tumors acidity [66]. Owing to these exploitable features

it becomes clear why a significant body of literature involves the development of pH-
responsive carriers for cancer therapy. On this topic, some interesting multifunctional
pH-responsive delivery systems have been recently developed. Ferreira and colleagues
prepared alendronate (AL)-coated liposomes for pH-responsive release of DOX in female
nude BALB/c mice bearing bone metastases established through injection of MDA-
MB-231 breast cancer cells on mice tibia [111]. The presence of 1,2-dioleoylglycero-3-
phosphatidylethanolamine (DOPE) and cholesteryl hemisuccinate (CHEMS) lipids endowed
the liposome with pH sensitivity, whereas AL-targeting moiety was responsible for
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nanocarriers active binding to hydroxyapatite. The liposome sizes ranged from 150 to 185
nm and exhibited a sharp DOX release at pH=5 when compared to pH=7.4, highlighting

the pH-responsiveness of the formulation. Furthermore, encapsulated DOX maintained its
cytotoxicity with a significant dose-dependent effect against the MDA-MB-231 cell line,
while also markedly reducing drug cardiac uptake. Biodistribution studies indicated a 4-fold
increase in chemotherapeutics accumulation in tumor tissues when compared to that of the
free drug.

In a different approach, Wang and his team developed biodegradable and pH-responsive
selenium-doped hydroxyapatite nanoparticles (Se-HANS) for the treatment of osteosarcoma
(Figure 7 A) [112]. These rod-shaped HANS (size: 78.55 £ 0.20 nm, C-potential of -37.13

+ 0.63 mV) elicited 4 to 5-fold increase in selenium release under acidic conditions (pH=5)
when compared to that obtained at physiological conditions (Figure 7 B). As evidenced

by FITC-labeled nanocarriers the amount of encapsulated selenium significantly affected Se-
HANSs degradation in the lysosome, with higher selenium content resulting in a faster, pH-
mediated degradation. /7 vitro results in human MNNG/HOS osteosarcoma cells, showed
that the 10 % Se-HANs formulation had the highest cytotoxic effect on osteosarcoma

cells, with their administration resulting in 83 % cell death after 18h. This cytotoxic
activity was found to be associated with the intracellular generation of reactive oxygen
species (ROS) mediated by the selenium cargo. More importantly, Se-HANs induced tumor
apoptosis and reduced systemic toxicity /77 vivo, in a BALB/c nude mice osteosarcoma
model. Following nanocarriers intratumoral administration 2- and 3-fold reduction in tumor
weight and volume was obtained. Additionally, serum biochemical analysis of nanocarrier
injected mice found that 10% Se-HANS had the lowest systemic toxicity when compared

to a mixture of equal selenium content (HANs / 16 mM NaySeQs3), suggesting a controlled
release profile at local tumor and reduced leakage at normal tissues. However, further
studies involving nanocarriers parenteral delivery could be performed to fully characterize
the biological performance of these carriers.

Exploring pH-responsiveness to elicit improved nanocarrier cytotoxicity may also be
valuable for bone therapy, particularly in bone cancer. Alpaslan and colleagues showcased
the potential of dextran-coated cerium oxide nanoparticles (nanoceria) (size: 45 nm (pH=7)
and 29 nm (pH=6), C-potential: 16.68 + 3.98 mV (pH=6)), which exhibit antioxidant activity
at physiological pH values, but shifts to an oxidizing profile at slightly acidic pH conditions
[113]. These nanoceria allow for a selective increase in ROS generation in osteosarcoma
microenvironment. In this study, nanoceria particles incubated at pH=6 showed maximum
cytotoxicity against osteosarcoma MG-63 cells. In healthy osteoblasts /n vitro cultures
(pH=6) no significant ROS generation was observed at any nanoceria concentration, thus
confirming the proposed ROS-dependent cancer-killing mechanism. After 5 days at pH=6,
the osteosarcoma 1C50 value was found to be 100 pg/mL, as opposed to 500 pg/mL for
normal osteoblasts [113]. In addition, nanoceria particles maintain their selective cancer-
killing effect even at physiological pH, being observed that after a 5-day treatment, the 1C50
values for healthy osteoblasts were well above 1000 pg/mL, in contrast with IC50 values of
250 pg/mL for MG-63 osteosarcoma cells.
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In the context of tissue engineering and regenerative medicine, Gan and co-workers
developed pH-responsive chitosan-capped MCM-41 mesoporous silica nanoparticles (chi-
MSNSs) (size: 130 nm, G-potential: +22.5 mV) for delivery of BMP-2 and dexamethasone
(Dex) to enhance bone regeneration (Figure 8) [114]. Chitosan (CS) functionalization of
MSNs surface endowed the nanocarrier with pH-responsiveness due to CS primary amine
protonation states at different pH (pka~6.5). In this sense, CS functioned as a nanovalve

for controlled release of MCM-41 mesopores-loaded Dex upon intracellular uptake. Dex
release followed a pH-responsive behavior, achieving 85% release within 60 min at pH=6.0,
while almost no Dex was released at physiological pH conditions (pH=7.4). In addition,

the outer chitosan layer also functioned as a matrix for BMP-2 incorporation, with results
showing that BMP-2 release profile is unaffected by the culture medium pH, resulting in

an immediate release under physiological conditions (80% BMP-2 release after 6 h). On
one hand, this is beneficial as BMP-2 requires binding to specific cell-surface receptors,

but on the other hand, because BMPs have low bioavailability, this release profile is not

the most adequate for systemic administration, which is why the authors opted for the
implantation with Gelfoam® (Absorbable gelatin sponge). Nevertheless, this nanocarrier has
shown particular promise in promoting /n vitro osteogenesis, with the combinatorial effect of
Dex/BMP-2 dual-loaded chi-MSNs exhibiting significantly higher ALP activity of rat bone
mesenchymal stem cells (BMSCs) than single Dex or BMP-2 MSNs loaded formulations.
Moreover, alizarin red S staining further confirmed that BMSCs incubated with Dex/
BMP-2@chi-MSNs have greater mineralization nodules when compared to controls. The

in vivo osteogenic capacity of this formulation was evaluated via ectopic bone formation in
a male mice thigh muscle pouch model. By using 3D uCT analysis the authors demonstrate
that after 4 weeks there is an increase in tissue mineral density of both dual-loaded
formulations when compared to the free therapeutics control groups.

Even though such nanovehicle has not been formulated for minimally invasive intravenous
administration, this example highlights the potential of pH-responsive delivery of
pharmaceuticals for bone regeneration, an area where parenteral routes of administration
have been poorly explored so far.

Apart from the former examples, there are also other bone disorders for which pH-
responsive nanocarriers could be valuable as on-demand delivery systems. In osteomyelitis,
the production of acid by osteoclasts and infecting bacteria metabolism tends to reduce the
pH in the site of inflammation [63]. Such acidic environment, could allow for selective
release of bioactive molecules (e.g., antibiotics) in the affected bone milieu.

To treat bone bacterial infections, Ferreira and co-workers developed a pH-

responsive liposomal theranostic platform (DOPE, CHEMS, PEG2K-DSPE) containing
technetium-99m-labeled ceftizoxime, a 3™ generation cephalosporin antibiotic. The
liposomal carriers (size: 169.1 + 8.4 nm, C potential: 2.2 £ 1.1 mV) were able to accumulate
in bone infected foc/iin a male Wistar rat model of acute osteomyelitis following intravenous
administration [115]. These liposomes undergo structural destabilization in acidic medium,
locally releasing the radiotracer and thereby allowing accurate infection imaging and
treatment. The obtained results indicate that the radioactivity level in the infected tibia

was 1.5-fold higher than in healthy tibia. Although this study demonstrated the positive
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effect of such theranostic liposomes, from the perspective of clinical application the use of
radiotracers could entail some restrictions due to their known toxicity. With the advent of
multimodal imaging technologies and non-radioactive probes such concept could be further
investigated.

More recently, AL-coated PEG-poly(lactic acid-co-glycolic acid) (PLGA) micelles were
used for bone-targeted delivery of the antibiotic vancomycin [116]. These micellar carriers
showed faster vancomycin release profiles at pH=5.0 when compared to that obtained under
physiological conditions. Interestingly, the binding affinity to hydroxyapatite was unaffected
by external pH and therefore these micelles may constitute a suitable nanocarrier for stimuli-
responsive treatment of osteomyelitis. However, it is important to emphasize that for early
stage osteomyelitis, the acidic environment may not be sufficient to be used as a drug release
trigger, thus limiting drugs therapeutic efficacy before disease progression.

Such could be overcome by engineering highly sensitive pH-responsive systems as those
recently developed by Sethuraman and co-workers. These researchers produced a two
component pH-mediated charge-shifting nanocarrier comprised by: (i) PLA-b-PEG diblock
copolymers conjugated to TAT cell penetrating peptide and (ii) pH-sensitive diblock
copolymer poly(L-cystine bisamide-g-sulfadiazine)-b-PEG (PCBS23K-b-PEG5K) [117].
At physiological pH, sulfadiazine is negatively charged and shields the TAT-micelle by
electrostatic interactions. Upon a decrease in pH, sulfadiazine becomes neutral and detaches
from the TAT-micelle, exposing TAT for interaction with nearby cells, while the PCBS
moiety is degraded by glutathione. This polymeric micelle markedly enhanced DOX
cytotoxicity within 0.2 pH units below of pH 7.2 [117]. This remarkably sensitive block
may be an interesting design tweak for improving stimuli sensitivity during the initial onset
of osteomyelitis.

3.6 Redox-responsive nanocarriers

Redox-sensitive nanocarriers are very interesting due to their ability to respond to oxidative-
reductive environments including those dependent on glutathione (GSH), thioredoxin, or
human serum albumin (HAS-SH) concentration [118,119]. Redox-responsive nanocarriers
are designed to disassemble in the cytosol and release their bioactive cargo. Such is

an important aspect for skeletal disorders considering that some bioactive therapeutics

for bone cells have intracellular molecular targets [14,120]. Human cells intracellular
compartments contain a high GSH concentration (2-10 mM), which is about 103-fold
higher than that found in the extracellular matrix and blood plasma (2-20 puM) [121].
However, some studies suggest that reductive conditions may already be present at the
endosome during receptor-mediated endocytosis [122]. This difference in redox-potential
inside cells is typically exploited by designing nanocarriers containing reduction-sensitive
linkers that are cleaved upon cellular uptake, thus releasing cargo only in intracellular
conditions. The disulfide bond is the most commonly used redox-sensitive linker. However,
the library of redox-responsible chemical modifications that can be imprinted in nanocarriers
structure is increasing with other responsive moieties such as diseleinide, ditellurium [123]
and maleimide-arylthiol bonds gaining increased attention in recent years [124,125]. Such
chemical imprinting of redox-responsive moieties in nanocarriers structure can be achieved
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by three main ways: (i) grafting of bioreducible linkers on the repeating monomers of
polymeric backbones, which readily prompt nanocarrier intracellular disintegration; (ii)
grafting disulfide bonds as terminal crosslinkers between different polymer blocks in
copolymer-based nanocarriers, that can lead to micelles disassembly [125] and (iii) precision
chemical modification of polymer monomeric units with redox-responsive moieties linked
to drugs (polymer-drug conjugate), which upon the stimulus are promptly released. These
strategies have been extensively used for formulation of redox-responsive polymeric
micelles for delivery of pharmaceutics under redox-conditions, either through core or shell
disulfide-based crosslinking, which can greatly improve polymeric micelles stability [126].
However, it is important to emphasize that few redox-responsive carriers have been used for
the treatment of bone diseases other than cancer.

For treatment of osteosarcoma, Maciel and colleagues designed a facile method for
preparing redox-responsive alginate nanogels by crosslinking with cystamine through mini-
emulsion [127]. Then, cytotoxic drug loading was achieved by incorporating DOX in
aqueous solution with nanogels, resulting in high encapsulation efficiency (95.2 + 4.7%).
These biocompatible nanogels significantly increased DOX intracellular concentration and
enhanced cytotoxicity in osteosarcoma cells (CAL-72). Another interesting approach for
bone cancer is that proposed by Yao and co-workers which designed glutathione-responsive
self-assembled micelles (size: 169.8 nm, C-potential: +20.23 mV) based on disulfide
crosslinked stearyl cationic polypeptide copolymers containing arginine and histidine for
co-delivery of DOX and microRNA-34a to androgen-independent prostate cancer cells both
in vitroand in vivo [128]. These micelles reduced anthracycline cardiotoxicity and promoted
a synergistic anti-tumoral effect upon drug-gene co-delivery (DOX/microRNA-34a). In
particular, because microRNA-34a has shown an important role in myeloid and bone-related
cancers (namely myeloma, leukemia, osteosarcoma and Ewing’s sarcoma), it might be
interesting to pursue further studies in bone with these micelles [129].

For the treatment of osteoarthritis, other researchers developed PEGylated poly(N-
isopropylacrylamide-2-acrylamido-2-methyl-1-propanesulfonate) nanoparticles with a
disulfide crosslinker (N, N’-bis(acryloyl)cystamine) (NGPEGSS)) for delivery of the anti-
inflammatory peptide KAFAK to an ex vivo model [130]. These disulfide nanocarriers
exhibited enhanced extracellular stability and improved KAFAK loading, as well as
enhanced release under reducing conditions. Strikingly, they selectively infiltrate inflamed
cartilage and were internalized by chondrocytes, which are recognized as a hard to
transfect cell type. The KAFAK-loaded NGPEGSS nanoparticles were able to significantly
decrease cytokine IL-6 production over time both in chondrocytes and macrophages,
demonstrating its potential to act as an intra-articular injectable nanocarrier for the treatment
of osteoarthritis [87,130].

It is without doubt that the unique reversibility and responsiveness of disulfide linkages as
a ubiquitous stimulus contributed to the engineering of redox-responsive nanocarriers with
efficient on-demand release of therapeutics for various bone diseases. Yet, to fulfil their
potential for clinical translation some aspects such as the effect of cell surface thiols in their
cellular uptake and intracellular trafficking of such carriers should be further investigated
and optimized [121].
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5 Conclusion and Perspectives

From an in-depth analysis of available literature reports focusing on stimuli-responsive
nanocarriers it is clear that their overwhelming majority aims for bone cancer treatment and
takes advantage of cancer-specific stimuli (e.g., redox, pH, temperature). The motivation
for such focus stems mostly from tumors increasing prevalence, but also from the relative
understanding of their major hallmarks and microvasculature [55,82,110,131,132].

Apart from this pathology, non-regenerating acute bone injuries (e.g., critical size
fractures), bone diseases (e.g., osteomyelitis, osteoporosis) and joint degeneration problems
(e.g., osteoarthritis) are increasing in incidence and the development of more effective
treatments tailored for these disorders is evermore required in a clinical setting. However,
the translation of stimuli-responsive nanocarriers into clinical practice remains highly
challenging.

To date, few stimuli-responsive nanocarriers reached clinical stages across all areas, an
aspect that is particularly evident for bone disorders. This could be in part assigned

to insufficient nanocarriers bioavailability and selectivity to bone tissues. But can be

mainly attributed to our poor understanding of more fundamental aspects regarding the
unique biological barriers posed by the skeletal architecture. An increased information

of how intravenously administered nanocarriers can reach bone tissues and what optimal
characteristics in terms of size, shape, surface charge and blood stability they should possess
is fundamental and should receive a renewed focus. Intravenous administration is in fact
highly attractive when compared to localized delivery via micro- or macro-sized implants,
that while interesting for some bone disorders, do not warrant enough coverage to reach
every bone tissue in a similar manner [10], a major aspect in osteoporosis. Furthermore, the
procedures for implant introduction are costly, laborious and highly invasive, not to mention
the possible complications or infections arising from surgery.

In a critical perspective, it is clear that a stimuli-mediated control over therapeutics

release provides significant advances over the current shortcomings regarding premature
leakage and burst release, yet, future generations of responsive carriers must be rationally
engineered. Achieving a balance between complexity and biological performance is an
underlying issue in the drug delivery field since the trend in the past years has been to
develop perhaps overengineered stimuli-responsive multifunctional carriers in detriment of
more simple systems as recently emphasized [133]. Such trend could be restrictive in the
context of cost-effectiveness and realistic industrial production.

Yet, the design of more complex, multifunctional carriers could have an added benefit

in the context of bone pathologies/injuries that feature more than one physicochemical/
biochemical features as compared with healthy bone. Hence, the manufacture of dual/
multi-stimuli responsive systems (pH-+temperatute, pH+redox, light+pH, etc) could offer
synergistic non-linear responses that could enhance the therapeutic outcome of such
nanobiomaterials [134]. Envisioning future advances, the next-generation of such systems
could combine also physical and morphological properties such as shape, topography and
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mechanical properties which are known to influence cellular behavior and carriers biological
performance [135].

Alongside with this, in the design of multifunctional carriers aimed for parenteral delivery
different strategies other than the widely used PEGylation as shielding mechanism should be
encouraged and pursued, particularly following the myriad of recent reports highlighting
some pitfalls in such approach [136]. In fact, with the latest developments regarding
alternatives to endow nanocarriers with stealth character we will for sure assist to the
proposal of smarter nanocarriers for systemic bone treatments. However, parallel efforts
should be done in order to comply with regulatory guidelines to seriously consider the final
application of such systems.

We envision that having an open mindset on these fundamental challenges could
contribute for the formulation of responsive nanocarriers with more potential for future
commercialization and realistic clinical application.
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Figure 1.
Schematics of nanocarriers biological barriers and routes of extravasation from the

sinusoidal vasculature into the extravascular space. Green text represents major barriers to
nanocarrier delivery to bone cells (bone marrow ECM, macrophage-mediated phagocytosis,
unknown fenestration size, bone canopy and its osteomacs - generally present in bone
remodeling/regeneration stages).
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Figure 2.

Flgorescence microscopy imaging of 4-week-old tibial C57BL/6J mice vasculature. (A)
Immunostaining of smooth muscle actin containing arteries (a-SMA positive cells, green
channel), Endomucin (Emcn, red channel) and cell nuclei (DAPI, blue channel). mp-
represents metaphyseal plate; gp- represents growth plate. White arrows indicate a-SMA
cells connection to metaphyseal H-type vessels. (B, C) Confocal images proximal to the
growth plate (b, top panel) or to diaphysis (c, top). CD31+ and Emcn-arteries terminate in
type H vessels in metaphysis (CD31+ and Emcn+) and endosteum (es). No interaction with
L-type vessels in diaphysis was observed. Blue arrows indicate blood flow from metaphyseal
vessel columns (B) and endosteum (C), respectively. (D) Transversal tibial sections where
sinusoidal L-type vessels (arrowheads) connect to the large central vein (v). Dashed lines
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represent compact bone. From these images, it is clear that CD31+ Emnc-arteries containing
multiple smooth muscle cells cross the diaphysis. (E) Schematics of arterial (green arrows),
H-type (red arrows) and sinusoidal/venous blood flow (blue arrows) of murin long bones.
(F) Erythrocytes velocity data demonstrating the differences between type H and type L
vessels. Adapted from [41] under Creative Commons Attribution 4.0 International License.
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Figure 3.
Advanced bone imaging technologies. (A) Pocket of bone marrow surrounded by

fluorescently labelled bone matrix (red - low HA affinity probe; green - high HA affinity
probe) with DAPI (blue) stained nuclei. Adapted from [59] with permission from the
American Chemical Society. (B) Evidence of probe high stability on living mice skeleton.
(C) Fluorescence enhancement caused by probe unfolding when binding to bone. Adapted
from [60] with permission from the American Chemical Society.
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Figure4.

Schematics of different stimuli that can be explored to promote the release of therapeutics
from nanocarriers engineered for different bone-specific disorders.
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Figure5.

Mechanism of action of CTSK-triggered charge reversal micelles for targeted /n vivo bone
metastasis treatment. Kaplan—Meier survival curves of mice following tumor injection and
treatment. Adapted from [72] with permission from Royal Society of Chemistry.
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Figure6.
Ultrasound-responsive liposomes characterization. (A) Dynamic light scattering analysis of

PEGylated nanoliposomes loaded with rhBMP-2; (B) ALP assay in C2C12 cellsfollowing
rhBMP-2 released from nanoparticles for sonodisruptable delivery containing rhBMP-2
(NSD-BMP) exposed to increasing ultrasound pressures for 60 s (N=3, n=2); Free refers to
an assayed amount of soluble rhBMP-2 predicted to be contained within NSD-BMP-2 of
the same sample size. (C) Evaluation of ultrasound exposure in rhBMP-2 release profile, i.e,
ultrasound duration dependence of rhBMP-2 release from NSD-BMP in phantom tissue (5—
45 min at 1 MPa), quantified by ELISA (N=3, n=2); (D) Bone volume data acquired from
UCT; ACS + BMP, standard rhBMP-2 implant (no ultrasound), ACS, implant sponge only
(no rhBMP-2, no ultrasound), ACS + NSD- BMP, NSD-BMP nanocomplexes with rhBMP-2
payload applied to ACS implant (no ultrasound), ACS + NSD, nanoparticles without
rhBMP-2 payload, on ACS implant (no ultrasound), ACS + NSD + US, nanoparticles
without rhBMP-2 payload, on ACS implant (ultrasound applied 24 h after implantation
surgery), ACS + NSD-BMP + US, nanocomplexes with rhBMP-2 payload applied to

ACS implant (ultrasound applied 24 h after implantation surgery) (E) Bone mineral

density analysis of different formulations. ACS — represents collagen implant. NSD —
PEGylated nanoliposomes; NSD-BMP- PEGylated nanoliposomes loaded with rhBMP-2.
US- ultrasound (applied 24 h following surgery). (F) uCT reconstruction, group subjected
to ultrasound exposure. This induced bone formation by using the ACS+NSD-BMP
formulation. (G) Masson’s trichrome staining of perifemoral section showing the extent
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of bone induction by using ACS implant with NSD-BMP formulations and administering
ultrasound 24 h post-surgery. Adapted from [93] with permission from Elsevier.

J Control Release. Author manuscript; available in PMC 2024 December 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lavrador et al.

Se-HANs

s

/o
e o Y

F Endocytosls_\

,\

Apoptosis

,/ Inhibition

g

~

Se accumulated release (%)

Page 37

704

3%Se-HANs, pH5.0
6%Se-HANs, pH6.0
~A— 10%Se-HANs, pH5.0

¥~ 3%Se-HANs, pHT 4
6%Se-HANS, pH7.4
10%Se-HANSs, pH7.4

— -— .
a—y— ¥
v

e —————————
0 12 24 36 48 60 72 84 96 108 120
Time (hour)

Evolution of Tumor volume along time (days)

ROS
[l HANs 6%Se-HANs
120) C o o settals 10%Se-HANs
T [l Na;Se0,
,?mo.l I o & f a [l
& g 2 . “ l I
2 801
3 i
<
S 60
3 .
O 40
204 " l
: | .l .l '
0 6 12 18 24 36 48
Time (hour)
Figure7.

Y Y'Y

HANs/3mM

HANs/16mM

P
=
/‘iz

e~
L%

-

NG

"l;} Iz' ‘*) :"} ? l’:‘q

10%Se-HANs &, {\\ B Y » e

A

<‘\ fo 75N ¥
*“: H: i_},y "5 y éﬂ

-

P

o

(A) In vivotreatment of mice-bearing osteosarcoma with pH-responsive release of
selenium-doped hydroxyapatite nanoparticles (Se-HANs) HANSs. Internalized Se-HANs

by nonspecific endocytosis are rapidly degraded in acidic lysosomes to release selenium.
(B) Selenium release from Se-HANs exhibited a pH-responsive release profile at pH =

5.0 versus pH = 7.4. (C) CCK-8 assay of MNNG/HOS osteosarcoma cells showed that
viability was highly associated with selenium content and degradation of Se-HANSs. (D)

In vivo evaluation of anti-osteosarcoma activity of Se-HANSs after intratumoral injection

on a xenograft osteosarcoma model. Compounds with higher selenium content, including
10%Se-HANs and HANs/16 mM Na,SeO3 exhibited efficient inhibition of tumor growth as
evidenced by the reduction of tumor size (left). Adapted from [112] with permission from

the American Chemical Society.
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Figure8.
Physicochemical characterization and biological performance of silica-based pH-

responsive nanocarriers. (A) Schematic diagram of Dex/BMP-2@chi-MSNs on osteoblast
differentiation. First, BMP-2 is quickly released and then activates the downstream Smad
signaling by binding to specific cell surface BMP receptors. Secondly, Dex is delivered
intracellularly through a pH-responsive release within lysosomes. (B) The capping effect

of chitosan in the pH-responsive release of Dex from chi-MSNs. (C) Effect of different
nanocarriers formulations bMSCs ALP activity cultured (D) /n vivo ectopic bone formation
induced by BMP-2 and Dex with different implants after 2 and 4 weeks post-implantation.
Quantitative analysis of regenerated bone volume from 3D puCT images. Adapted from [114]
with reprint permission from Royal Society of Chemistry.
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