

  jnt-04-00013




jnt-04-00013







J. Nanotheranostics 2023, 4(3), 280-298; doi:10.3390/jnt4030013




Review



Polymeric Theragnostic Nanoplatforms for Bone Tissue Engineering



Kaushita Banerjee 1 and Harishkumar Madhyastha 2,*[image: Orcid]





1



School of Biosciences and Technology, Vellore Institute of Technology, Vellore 632014, India






2



Division of Cardiovascular Physiology, Department of Medical Sciences, University of Miyazaki, Miyazaki 889-2155, Japan









*



Correspondence: hkumar@med.miyazaki-u.ac.jp







Academic Editor: Seyed Moein Moghimi



Received: 21 April 2023 / Revised: 1 July 2023 / Accepted: 18 July 2023 / Published: 20 July 2023



Abstract

:

Nanomaterial-based tissue engineering strategies are precisely designed and tweaked to contest specific patient needs and their end applications. Though theragnostic is a radical term very eminent in cancer prognosis, of late, theragnostic approaches have been explored in the fields of tissue remodulation and reparation. The engineering of theragnostic nanomaterials has opened up avenues for disease diagnosis, imaging, and therapeutic treatments. The instantaneous monitoring of therapeutic strategy is expected to co-deliver imaging and pharmaceutical agents at the same time, and nanoscale carrier moieties are convenient and efficient platforms in theragnostic applications, especially in soft and hard tissue regeneration. Furthermore, imaging modalities have extensively contributed to the signal-to-noise ratio. Simultaneously, there is an accumulation of high concentrations of therapeutic mediators at the defect site. Given the confines of contemporary bone diagnostic systems, the clinical rationale demands nano/biomaterials that can localize to bone-diseased sites to enhance the precision and prognostic value for osteoporosis, non-healing fractures, and/or infections, etc. Furthermore, bone theragnostics may have an even greater clinical impact and multimodal imaging procedures can overcome the restrictions of individual modalities. The present review introduces representative theragnostic polymeric nanomaterials and their advantages and disadvantages in practical use as well as their unique properties.
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1. Introduction


In the recent past, innovation in and research into tissue engineering and regenerative approaches, especially for soft and hard tissue regeneration, has noticeably increased. Tissue engineering and regenerative medicine aim to generate functionally alternative constructs for damaged and diseased tissues by merging an interconnected assortment of suitable platforms, cells/stem cells, and growth factors [1,2]. For regenerating bone tissue, mesenchymal progenitors (expressing extracellular tissue matrix) come together with scaffolds (acting as a supportive framework) and growth factors (inducing cell expansion and differentiation) to accomplish the whole process [3]. Approximately three decades ago, a new paradigm emerged as an alternative approach to tissue and organ reconstruction, tissue engineering, which aimed to regenerate a patient’s own tissues and organs that are biocompatible and bifunctional, and can overcome immune rejection. The initial clinical application of human cells in tissue engineering was in the early 1980s using skin tissue and cells fibroblasts, keratinocytes, along with a template matrix [2]. Later, periodontal and alveolar bone tissues were used for regeneration using site-specific membranes, the process known as guided tissue regeneration (GTR) and guided bone regeneration (GBR). With the increasing scrutiny of tissue engineering and regenerative medicine in diverse fields of research, the public and medical communities are looking to widen its prospects, although human clinical trials on tissue engineering are still scarce [3,4,5]. While several studies on strategies for tissue regeneration have been reported, regenerating bone tissue remains a challenge. The complex hierarchical anatomic architecture of bone related to the high mechanical tension to which it is exposed makes it difficult to replicate. High vascularization of the bone-tissue junction also hinders its engineering, especially in large bone anomalies [4,5]. Regeneration strategies have restrictions, such as the poor mechanics of scaffold materials, inadequate cell ingrowth for bone healing, and low expression of osteogenic growth factors for cell proliferation and differentiation. The term nanomaterials, specifically nanoparticles, gained worldwide importance after 1959, and after half a century, remarkable accomplishments related to these have been made by the human race in different arenas. The suitability of nanomaterials in the field of biomedicine is not new [6]. Their micro sizes facilitate easy circulation in the body, ready migration to the desired tissues, and target-specific binding [7]. The fundamental design of nanomaterials aims to control particle size, surface functionalization, and the effectual release and transfer of active therapeutics during medical prognosis. The use of nanomaterials has also changed the magnetic and molecular imaging modalities due to their optical and magnetic features [8].



The existence of nanomaterials can be simultaneously both therapeutic and diagnostic (theragnostic nanomaterials/nanoplatforms) and cater to the manufacturing of multi-functional nanosystems [9]. Hence, the current aim is designing and building multifunctional nanosystems (polymeric materials) for diagnosis and therapeutics [10]. Even though abundant theragnostic materials, both organic and inorganic, in the form of scaffolds, nanoparticles, hydrogels, colloids, microspheres, etc., have been engineered and investigated for cancer treatment, all the said criteria do not fit into a single system [11,12,13]. Most of the design processes used to develop a particular theragnostic nanomaterial are by: (a) a combination/binding of target drugs/stimulants to nanomaterial; (b) a merger with an image contrast enhancer; (c) the effective incorporation of two or more therapeutic imaging agents in one nanomaterial [14]. Over the last few years, research in healthcare sectors has progressively concentrated on altering traditional treatment methods into a more individualized prognosis model. One such attempt to fast-track this archetype shift is by introducing a merger of therapeutic and diagnostic manifestos, i.e., theragnostic agents or diapeutic (diagnostic cum therapeutic) agents with the aim of a faster, highly precise, and responsive diapeutic system [15].



Bone nanomaterials improve, repair, and facilitate new bone formation and have many promising clinical approaches ranging from the prognosis of non-healing long bone fractures to spondylosyndesis [16]. The exploitation of porous scaffold matrices from polymers to ceramics to support bone cell proliferation and differentiation is an enduring area of relevance. Some of the existing challenges comprise the obtaining of nanomaterials that can mimic the mechanical as well as biological environment of the original bone tissue matrix and aid in the vascularization of sizable tissue assemblies. Nanoplatforms with newer bio-functionalities have emerged to re-form nanoscale topological and biomechanical cues from the extracellular matrix as potential entrants for biomimetic materials [17,18]. Bone is a dynamic and rigid hard tissue comprising cells rooted in an abundant hard intercellular matrix. The highly vascularized tissue present in the bone continues to transform throughout the lifespan of an individual. It plays an important role in movement, acts as a supportive framework for sufficient load bearing, and maintains a protective covering for the delicate internal tissues of the body [19,20]. Bone is associated with maintaining a homeostatic balance in the body via its deposition of calcium and phosphate ions and in controlling the absorption of key electrolytes in the blood barrier.



This review discusses the role of various polymeric nanoplatforms concerning therapeutic and diagnostic insight for bone tissue repair and development and highlights the challenges in providing theragnostics.




2. Necessity to Regenerate the Complex Bone Structure


All of the bones that constitute the skeleton, from long bones in the limbs to short bones in the wrists, flat bones in the sternum to random bones in the vertebrae, possess a discrete loading environment that directs the in vivo regeneration of varied micro/macroscopic bony constructs with precise structures, mechanical properties, and spatial dissemination [21]. Bone tissue is compact or trabecular with an ordered arrangement of macroscale to nanoscale components (Figure 1). The nanocomposite structure (firm and elastic collagen fibers strengthened by hydroxyapatite crystals delivers the necessary compressive intensity and robustness to the bone. The prominent potential of bone tissue to remarkably regenerate in adolescent people is indicative of the effortless recovery of most fractures without the interference of major mediation. Regardless of this, larger bone imperfections post bone tumor resections and nonunion bony fractures require the prototype for a coordinated restoration of bone and sometime may require surgery [21,22]. At present, autografts are the gold standard prognosis for donor bone tissue from a non-load-bearing site and its transplantation into the deficient site [22]. Spondylosyndesis procedures also indicate the unmet requirement for massive autologous bone grafting procedures, which has augmented the most conventional in-patient treatment over the last two decades [23,24]. Nonetheless, its value is severely compromised by its limited availability and donor site morbidity [25]. Reviewing new bone restoration strategies is the need of the hour, the significance of which is driven by the excruciating pain correlated with bone injury and the rising therapeutic and socio-economic shortcomings. The hurdles in the field of tissue engineering, especially in monitoring the treatment methods, can be overcome by personalized medicine technologies that have been proven to be useful in monitoring and tracking treatment efficacy and diseases. By combining up-to-date diagnostic modalities with a therapeutic biomaterial, theragnostic biomaterials (herein bone theragnostic biomaterials) aid in integrating precision medicine with tissue engineering and, more specifically, these nanoplatforms can offer non-invasive monitoring of engineered tissues of interest in real time while delivering therapeutic cues to promote bone regeneration and repair [2,26].




3. Polymeric Nanoplatforms for Bone Diagnostics and Theragnostics


Over the last decade, advances in nanotechnology have enabled accessibility to structural mimics that facilitate the engineering of various tissues. Subsequently, and more recently, there has been an unmet need to develop personalized medicine for custom-made therapies toward individual patients’ prerequisites [27]. These nano-theragnostic strategies for tissue engineering and regenerative medicine can thus be used to direct tailor-made requirements through the articulate design to endorse tissue-specific functions in the body [28]. Such strategies can initiate in situ tissue formation by utilizing the body’s natural cellular populations to drive this renewal without ex vivo cell manipulation [29]. Furthermore, effective diagnosis and prognosis of bone-related disorders are essential to restrict morbidity and mortality in a population. Engineering tissues can be challenging, as well as the difficulty in precisely examining the prognosis, personalized medicine technologies, and monitoring treatment efficacy and disease conditions [30]. Integrating diagnostic modalities with a therapeutic biomaterial platform permits non-invasive surveillance of the engineered tissue of interest while providing therapeutic signals to aid regeneration and repair [30,31].



Systemic biomaterials used for the non-invasive administering of bone theranostics have offered several advantages in terms of their exclusive target-specific administration, imaging, and functionalization efficacy. Among them, nanoparticles (NPs), owing to their targeted tissue specificity recompense for localization to disease sites in vivo. Surface-functionalized NPs can facilitate improved blood circulation time over standard chemotherapeutics [31,32]. Intrinsically multifunctional, these NPs aid tissue targeting and sustained responsive drug release and prevent degradation of complex drug payloads [33,34]. Metallic NPs characteristically exhibit magnetism or fluorescence, which makes imaging probe loading, targeting ligands, and therapeutic moiety targeting easy [35]. Such multifunctional systems can significantly assist precision medicine in screening and detecting the specific molecular makeup of highly variable diseases, optimizing therapy strategies and delivery, and monitoring the integrative therapy effects. These also enhance cellular characteristics such as osteointegration, osteoconduction, osteoinduction, cell fate, cell binding, labeling, and tracking [36,37,38].



At present, the fabrication of polymer-drug conjugates (PDCs) and nanomedicines (otherwise called polymeric prodrugs or polymer nanotherapeutics) have gained great value over the past decade [39]. Polymer-drug conjugates (PDCs) are macromolecules comprising a covalent bond-allied drug-polymer-targeting moiety backbone with three major components: a hydrophilic solubilizer, a drug-linked-polymer, and a targeting moiety directing the polymer-drug conjugate to a desired functional destination [39,40]. A polymer conjugated with a drug can enhance its pharmacokinetics, increase its stability and loading capacity, and regulate sustained and premature drug release patterns. Moreover, this approach can deliver a variety of polar and nonpolar molecules that are otherwise tough with drug-loaded nanoparticles prepared via physical encapsulation [41].



Polymeric materials based on their functional groups have been used to develop nanoparticle-based theragnostics for imaging/diagnosis and treatment, mainly for cancer. Although not much has been explored for bone tissue engineering applications, some in vitro and in vivo studies with polymeric nanoparticles presently in the market have revealed the boundless potential of this technology [41]. Polymeric biomaterials have been the most clinically exploited nanoplatform in cancer theragnostics and are now slowly emerging in bone repair applications [42]. Both synthetic and natural polymers have been explored as polymer-drug conjugate-based nano-theragnostics. Some synthetic polymers include polyvinyl pyrrolidone (PVP), polyethylene glycol (PEG), polylactic acid (PLA), poly(vinyl alcohol), polylactic acid (PCL), poly(lactic-co-glycolic acid) (PLGA), etc. Natural polymers, such as collagen, keratin, silk, cellulose, gelatin, alginate, chitosan, hyaluronic acid, etc., are also a part of the nanoconjugate formulation [42,43]. Herein, a few different types of polymers and polymeric platforms utilized as theragnostic nanotools in bone tissue engineering and regenerative medicine, converging on the preparation, in vitro and in vivo behavior, use in scaffold improvement, delivery carriers, and cell labelling are discussed.



3.1. Natural Polymers


The most abundant explored extensively polymers in nature with bulk properties, biodegradability, alterable structural features, and flexible side chains for easy functionalization are that of natural origin. Owing to their facile synthesis method, natural polymers can be tuned to cater to several end applications [43]. For naturally occurring polymers, desolvation, gelation, solvent evaporation, nanoprecipitation, etc., are the most convenient and preferred processes that aid in self-assembly [44].



3.1.1. Gelatin


Gelatin is a nontoxic, cost-compliant, and biodegradable polymer that is synthesized using alkaline or acidic hydrolysis of collagen. Gelatin exhibits a covalent surface-bound interaction with carboxylic acid and amino groups that extends gelatin’s ability to fit into many therapeutic applications. While the use of conjugated gelatin nanoplatforms as cancer therapeutic agents and in antimicrobial photodynamic therapy has been reported, nano-theragnostic tools for bone tissue engineering remain comparatively new. Celikkin and co-workers (2019) reported an enhancing X-ray attenuation technique for bone tissue regeneration via three-dimensionally printed gelatin methacrylate hydrogels doped with gold nanoparticles. Methacrylate hydrogels induced extracellular matrix formation and, in combination with gold nanoparticles (used as contrast agents due to their high X-ray attenuation), these three-dimensionally printed biocompatible matrices were evaluated for new bone regeneration in mesenchymal stem cells (MSCs) [45]. In another study, multilayered iron oxide/polycaprolactone and gelatin nanofibrous membrane constructs were fabricated for tissue engineering theranostics. The fabricated nanofibrous membrane was combined with a non-contact magnetic force to balance the mechanical integrity of the 3D structures. PCL/gelatin nanofibers and their cell biocompatibility were assessed in MSCs-seeded fiber constructs. The in vivo behavior of the magnetic membranes was evaluated using magnetic resonance imaging in animal models [46]. Iron and hydroxyapatite-based alginate/gelatin 3D matrices were developed as compatible magnetic resonance imaging biomaterial for studying the non-invasive bone tissue formation in a rat cranial defect model. This theragnostic tool for bone tissue engineering exhibited osteoconduction and assisted non-invasive tracking of cell migration; inflammatory stimuli and matrix accumulation via magnetic resonance-contrast enabled matrices and helped assess the non-invasive bone-regeneration between the native and implanted bone, demonstrating a promising theragnostic nanotool to review the healing of bone fractures [47].




3.1.2. Alginates


Alginates are naturally occurring polysaccharide-polyanions that possess high biocompatibility and biodegradability. With their non-toxic and highly hydrophilic properties, alginates can fit into several cost-compliant biotechnological applications [48,49]. Alginate-based biomaterials fit into the mold of cell-homing materials utilized for bone-tissue engineering and regenerative medicine [50]. These have been fabricated into diverse forms such as hydrogels, foams, capsules, sponges, fibers, microspheres, etc. [50,51,52]. Nonetheless, alginate-based hydrogel systems are a supporting matrix and delivery platform for bone-tissue. A wide range of synthetic/natural polymers in combination with alginates has been optimized to provide the required hygroscopicity, biodegradability, mechanical strength, and tenacity to make multifunctional alginate nanomaterials [50].



Zhao et al. demonstrated that an active nano-construct scaffold, through external stimuli, can influence and regulate the properties of the nano-construct, facilitating the delivery of biological agents. The study depicted iron oxide nanoparticles in an RGD-coupled alginate matrix significantly enhanced the delivery rate of the cell-coupled bioactive agents when subjected to magnetic stimulus [53]. An experimental design was proposed by Coluccino et al. for stem cell differentiation and to obtain a tissue-substitute bioactive environment for orthopedic repair. An alginate-based matrix associated with transforming growth factor-β1 and hydroxyapatite was developed that controlled the release of chemical signals, required for an effectual and selective differentiation of mesenchymal stem cells into bony-chondral lineages. This osteochondral nanoplatform demonstrated high cellular adhesion, proliferation, and in vivo compatibility with highly functional biomechanical cues, illustrating a potential osteochondral tissue-engineering biomaterial [54]. A nano-biocomposite bead was fabricated using a conglomeration of chitosan, gelatin, alginatem, and nano-hydroxyapatite that demonstrated high mechanical strength and biological characteristics of natural bone. The nano-biocomposite bead exhibited a high porosity with excellent hydrophobicity and biodegradability under physiological environments. In vitro seeding of osteoblast cells over the nano-biocomposite bead showed favorable viability and gene expressions, inferring its importance in bone tissue engineering and reformative therapies [55]. Angili and co-workers fabricated a 3D-printed poly l-lactic acid scaffold coated with alginate and magnesium oxide nanoparticles with different cellular topologies that not only showed excellent biological biocompatibility, antibacterial activity, and cell survival, but also indicated increasing MgO concentrations enhanced compressive strength and the elastic modulus of the biomaterial, mimicking the process of efficient bone repair and refurbishment [56]. Bone-related diseases, such as osteogenesis imperfecta, arthralgia, congenital malformation, osteoporosis, etc., are often associated with insufficient self-repair and necessitate medical intervention as conventional orthopedic therapeutics suffer shortcomings, such as graft rejection and implant failure.




3.1.3. Cellulose


Cellulose, the most profuse polysaccharide accessible, and its derivatives have been extensively used in the fabrication of bio-composites for the theragnosis of bone diseases, such as bone and cartilage damage, osteomyelitis, osteoporosis, etc. The effectiveness of cellulose and its composites on bone engineering applications is noteworthy. However, shortcomings, such as a poor degradation rate and a well-knit, packed nanofiber layer with a small pore size, may hinder the penetration of cells into the derived matrices [57]. Hence, it is necessary to upgrade the structural and functional suitability of cellulose for its applications in treating bone disorders. Nanocomposite scaffolds with tunable pore sizes and mechanical strength using cellulose, chitosan, and silver nanoparticles were fabricated that exhibited substantial antimicrobial effect, favorable adhesion, and viability of human osteosarcoma cell lines [58]. The incorporation of cellulose also enhanced biomineralization for bone development. The highly crystalline surface topology of silver nanoparticles on the cellulose-chitosan scaffold also facilitated attaining the desirable porosity with nano-pore diameters and mechanical strength similar to that of cancellous bone [59].



Of late, cellulose-based biomaterials have been explored in bone tissue engineering as highly structured and porous microspheres. BMP-2-laden bacterial cellulose and type-I collagen microspheres exhibited biocompatibility and effectively promoted MC3T3-EL cell adhesion, proliferation, and osteogenic differentiation. Additionally, the bacterial cellulose scaffolds layered with porous silk fibroin presented a significant removal of osteosarcoma and favorable bone defect repair under near-infrared radiation [60]. An experimental investigation on carboxymethyl cellulose merged with phenol-molecule-based microcapsules was loaded with rat bone marrow mesenchymal stem cells, which showed higher osteogenic activity both in vitro and in vivo. The upregulation of mRNA and protein expression levels of osteogenesis-related genes was also observed [61]. In contrast, in situ hydrogels fabricated with calcium-enriched nano-fibrillated cellulose exhibited improved biocompatibility, cell attachment, alkaline phosphatase, and calcium deposition activity [62]. Hydroxyapatite, being one of the most biocompatible agents, combined with cellulose to develop into nanocomposites for bone cell proliferation, were three-dimensionally printed and evaluated for the sustained release of strontium and calcium ions and substantial proliferation, bone marrow stem cell differentiation, and bone tissue revival [63]. In another study, cellulose nanocrystals doped with gelatin and alginate developed into 3D-printed hydrogel scaffolds presented considerable matrix mineralization in the bone tissue [64]. Therefore, cellulose biomaterials are multifunctional in promoting bone repair and development.




3.1.4. Chitosan


Among the other naturally derived polysaccharides, chitosan, for pharmaceutical and biomedical applications, has been advantageous due to its favorable biocompatible, biodegradable, and non-toxic features [65]. Chitosan forms stable ionic complexes with multivalent ions or polymers for the fabrication of various biomaterials such as gels, sponges, beads, micro/nano particles, etc. Owing to its hydrophilic and mucoadhesive properties, chitosan-based materials have been studied as therapeutic particles and, in combination with various nucleic acids, these have been observed to accelerate peptide and protein transfer across the mucosal membrane [66]. Chitosan, in the form of nanoparticles, has been investigated as a potential delivery vehicle in the fields of tissue engineering and regenerative medicine [67].



Nanoparticles of sodium triphosphate and chondroitin sulfate with chitosan polymer prepared via an ionic gelation method were studied to evaluate the nanoparticle-controlled association and release kinetics of the fused proteins. Higher concentrations of the polymer when combined with crosslinkers in the nanoparticle aided in sustained protein release, demonstrating their probability as potential competent protein carriers in bone tissue repair [68]. In another study, Bastami and co-workers demonstrated three-dimensional chitosan nanoparticles with β-tricalcium-phosphate and gelatin for the sustained release of bone morphogenetic protein-2 that was dispersed into collagen hydrogel constructs to evaluate the bone tissue renewal in vitro in human buccal fat pad-derived stem cells [69]. Nanocomposites prepared with different degrees of deacetylation, molecular weights, and concentrations of chitosan armored with mesoporous silica nanoparticles were studied to observe bone regeneration. The nanocomposites had high mechanical compression resistance and good biocompatibility in human primary osteoblasts. In vivo implantation of the nanocomposites in a mice calvaria defect model showed their appropriateness for bone tissue regeneration with the mineralization and vascularization of osteoblasts [70]. Natural regeneration of bone is limited to bone defects, and external intervention is essential to augment bone tissue revival. Amidst the various scaffolds, hydrogels are suited platforms for repair and chitosan has recently drawn significant attention as a compatible graft material to form thermal and pH-responsive injectable gel grafts. Preparations of injectable matrices of chitosan with high-water imbibing ability, nominal invasiveness, porosity, and tunability into bone defects highlights the use of such stimuli responsive injectable hydrogel matrices for future perceptions in bone engineering [71].




3.1.5. Gellan Gum


Polysaccharides of microbial origin have been extensively explored owing to the promising physiochemical features they possess. Structurally diverse, these biomolecules fit into several biomedical, food function applications. Currently, gellan gum, a linear polysaccharide comprising high molecular weight chains of rhamnose, glucose, and glucuronate, has been widely investigated for its excellent properties as a food ingredient [72,73]. Nonetheless, because of its unique structural confirmation and gelling capacity, gellan gum is used as one of the multifunctional additives in many pharmaceutical outcomes and as a drug delivery system [74]. Preparations of gellan-based biomaterials have been significantly investigated in the field of cancer therapy, but its role in bone tissue theragnostics with a focus on imaging modalities still continues to be very new and needs more detailed study and established perceptions.



Gellan gum has materialized as a remarkable surface-modifying, biocompatible gelling biomaterial in the application of bone tissue engineering by stabilizing gold nanorods. In a study reported by Vieira et al. (2015), a low-acyl gellan gum was coated onto the surface of gold nanorods via a layer-by-layer method to form a gellan-based hydrogel shell around individual nanorods. The gellan gum hydrogel shell around the gold nanorods showed reversible pH-responsive features, improved cytocompatibility, and osteogenic ability with human osteosarcoma cells SaOS-2, with enhanced mineralization. Thus, this hydrogel system indicates further insights that are relevant for drug delivery, tissue engineering, and regenerative medicine applications [75]. An injectable gellan gum/chlorhexidine/nanohydroxyapatite hydrogel matrix was developed and assessed for its osteogenic potential to treat infectious bony defects. Bone marrow mesenchymal stem cells seeded into the hydrogel network exhibited good cell proliferation, as well as improved mechanics, biodegradation, and osteogenesis. Furthermore, the gellan gum hydrogel showed a concentration-dependent inhibition of Enterococcus faecalis, thus indicating its potential in treating refractory periradicular periodontitis infections [76]. Treatment for osteochondral defects with gellan-gum-based functional coatings and porous composites incorporated with osteoconductive materials, such as demineralized bone particle (DBP) or bone derivatives, are currently being expansively reviewed as an emerging candidate for OD in small animal models for soft and hard tissue engineering [77].





3.2. Synthetic Polymers


Synthetically derived polymers are highly suitable for changing the physicochemical properties of a nanomaterial and have a precise high drug-loading capacity. As carriers, these can home various organic and inorganic moieties via dissolution/covalent interaction/dispersion mechanisms for the effective delivery of drugs.



3.2.1. Polylactic Acid (PLA)


Among the synthetic biodegradable polymers explored for tissue regeneration, polylactic-acid-based nanomaterials find their place in various biological applications, i.e., regulated drug release, gene therapy, implant coatings, etc. [78,79,80]. Wiglusz et al. (2020) analytically characterized beta-calcium diphosphate-modified poly(l-lactide) nanocomposites with a tunable chain length and varied phosphate-to-polymer ratios via self-assembly. The nanocomposites were analyzed in vitro to verify their potential for osteochondral defect reparation [81]. Recently, nano-hydroxyapatite, investigated for critical-sized bone defects, has shown improved vascularization, indicating the formation of new bone structures. Furthermore, nanocomposites from poly(l-lactide) and nano-hydroxyapatite were functionalized with various concentrations of a rare earth element, europium (III), to study the acceleration in the bioactivity of the developed nanocomposite scaffolds. The effect of europium ions when tested for cell eidonomy, proliferation, differentiation, and metabolism of progenitor adipose forming tissue, bone, and cartilage cells, was shown to promote enhanced osteogenesis and chondrogenesis that was linked with enhanced extracellular matrix protein secretion (proteins specific to bone and articular cartilage tissue) [82].




3.2.2. Poly(ε-Caprolactone) (PCL)


The time span for the degradation of biomaterials should be well-compatible with the rate of regeneration of a particular tissue for it to present ideal specifications during the restoration period. Biodegradable polymers such as poly(ε-caprolactone) (PCL) are extensively used in tissue engineering and regenerative medicine. PCL is used in absorbable medical equipment such as surgical sutures, stents, or biomaterials devoted to the targeted delivery of a particular drug [83]. PCL, being biocompatible and biodegradable, can accommodate a variety of cell carriers and support matrices to develop PCL-based nanomaterial methods of polymerization, porogen leaching, electrospinning, 3D printing, etc. [83,84]. Furthermore, hybrid nanoparticles of hydroxylated multi-walled carbon nanotubes functionalized with magnetic iron oxide nanoparticles were synthesized to fabricate a biocompatible porous poly(ε-caprolactone) matrix for regenerative medicine application. Cytotoxic studies of the matrices evaluated in a SAOS-2 human cell line exhibited concentration-dependent cytotoxicity and had a positive impact on the activity of SAOS-2 cells with improved cell attachment [85].



In another study, 3D-printed PCL scaffolds coated with CuS nanoparticle-PEG soft hydrogel were evaluated for bone tissue repair; good photothermal properties and stable viscoelasticity and mechanical function were observed in the scaffolds. Near-infrared (NIR) light irradiation exposure mediated the release of dexamethasone sodium phosphate incorporated in the CuS-PEG-PCL scaffold, competently stimulated the osteogenic differentiation of bone mesenchymal stem cells, and accelerated bone formation in the tibial defect of rats [86]. The concept of guided bone regeneration (GBR) has evolved with the barrier membrane to prevent non-functional scar tissue layer development on the defect site. A bilayer membrane consisting of silk fibroin/PCL-PEG-PCL incorporated with nano-calcium phosphate and a PCL membrane was fabricated to understand the GBR potential. This sandwiched two-layered scaffold with calcium phosphate nanoparticles exhibited enhanced osteoconductivity and biomineralization in human dental pulp stem cells, supporting its excellent biocompatibility and possible pertinence of membranes for GBR prognosis [87].



Graphene nanoparticles containing poly-caprolactone solution were used to coat borate-based bioactive glass material to prepare nanocomposites acquiring electrical conductivity. When analyzed under simulated body fluid conditions, an increased concentration of graphene nanoparticles revealed better electrical conductivity and higher percentages of viability in pre-osteoblastic MC3T3-E1 cells post treatment with higher activity of alkaline phosphatase in cells [88].




3.2.3. Poly(Lactic-Co-Glycolic Acid) (PLGA)


The existing diagnosis and treatment of critical bone ailment remains difficult in orthopedic surgeries. Biomaterials and growth factors have materialized as a new therapy replacement in bone regeneration. Amongst them is the copolymer PLGA, which, owing to its biodegradability and biocompatibility, has been introduced among the Food and Drug Administration (FDA)-approved therapeutic devices. Wang and co-workers set up an experimental investigation where the encapsulation of bone morphogenetic protein-2 (BMP-2) into a polymeric matrix was evaluated in a nude mouse model. PLGA and hydroxyapatite biocomposite nanofiber constructs were laden with BMP-2 through electrospinning. The constructs were investigated in nude mice experiments and parameters such as serum BMP-2 concentration, ALP activity, X-ray qualification, and H&E tissue staining. The experimental results revealed the competent morphology and mechanical strength of the matrix. In vivo experiments confirmed the improved bioactivity of BMP-2, thus improving the formation of new bone and the healing of segmental defects in vivo [89]. Akermanite, a fascinating melilite mineral of the sorosilicate group, has recently been used for effective bone regeneration. Yet, owing to their weak fracture resistance, ceramics, when combined with polymeric moieties, can surpass the limitations of low biodegradation rates, weak mechanical properties, and decreased apatite-forming capacity. Akermanite-supplemented ions, such as calcium and magnesium, as well as copper and strontium ions, were doped into PLGA-moxifloxacin scaffolds to induce angiogenesis and osteogenesis and improve bone repair [90]. PLGA nanoparticles laden with human parathyroid hormones were experimentally prepared by a modified double emulsion-solvent diffusion-evaporation method and integrated into porous freeze-dried chitosan-gelatin matrices to assess their cytocompatibility on clonal human osteoblast cells. The enhanced expressions of alkaline phosphatase levels in human osteoblast cells endorsed the activity of sporadically released hormones from the matrix, supporting the growth of new bone-like cells [91].






4. Theragnostic Approaches for Bone Tissue Engineering


Bone tissue engineering with nano/biomaterials can be precisely modulated to cater to specific end-application requirements. Nonetheless, several limitations persist in the field, especially in regenerating hard tissues. The merger of diagnostic approaches to design theragnostic (combined therapy and diagnostic) nano/biomaterials offers an exclusive manifestation to deliver dual monitoring and treatment competencies to simultaneously uplift personalized medicine [9]. Herein, we abridge some of the recent progresses to have occurred in the field of hard tissue (bone) regeneration theragnostics and the clinical potentials with respect to polymeric nanoplatforms (Figure 2). Recently, many therapeutic systems have been developed that can have a substantial effect by mediating the bone extracellular matrix environment [10]. Some of these systems take into consideration the use of combination therapy based on nanoparticles, which, unlike conventional delivery systems, have unique physicochemical properties and high specificity. These are also tiny enough to easily circulate within the blood barrier, migrate to the looked-for tissues, and unambiguously bind to the target cell [11,12,26]. Theragnostic nanoplatforms, owing to their optical and magnetic properties, have shown enhanced molecular imaging for engineering multi-functional delivery systems.



Today, in vivo molecular investigation relies on non-invasive imaging techniques, in particular opto-acoustic systems, magnetic resonance enterography, and nucleology imaging. These can be differentiated and categorized into molecular, morphological, and anatomical imaging sensory systems [92]. Moreover, highly complex imaging modalities can be attained using techniques such as optical photon emission computed tomography, optical imaging, positron emission tomography, and single-photon emission computed tomography. These theragnostic tools can sense molecular biomarkers targets and readily detect molecular biomarker targets. In comparison, high spatial resolution can resolve computed tomography optoacoustic systems and magnetic resonance enterography [93]. Theragnostic nanomaterials have opened up avenues for favorable and efficient disease tomography and treatments that hold great capacity to be employed from the laboratory to the clinic (Figure 2). Table 1 shows the various molecular imaging modalities, their specifications, along with their advantages and disadvantages [10,92].




5. Challenges in the Current Bone Theragnostic System and the Potential of Nanoplatforms to Overcome Them


Regardless of the prevalent use of conventional diagnostic techniques and strategies in orthopedic diagnostics and theragnostics, shortcomings persist in the critical detection and diagnosis of many pathologies, especially in the early stages of bone disease when clinical intervention is most perilous [94]. Orthopedic disorders are the second leading cause of global frailty, resulting in a sharp increase in direct health care costs each year. Bone-related diseases are becoming prevalent, with major impacts on conditions such as osteoporosis, which affects more than two-thirds of the total morbidity and mortality of the population. Hence, early and competent detection and treatment of modality for such bone disorders is the need of the hour [95,96].



Conventional theragnostic biomaterials are amalgamations of the existing approaches and, with newer modular techniques for therapy, diagnosis, and moiety targeting, a high degree of specificity and tunability can be achieved at the cost of complexity [96,97]. One such example is contrasting or diagnostic agents embedded within biomaterials for local applications that facilitate tunable scaffold characteristics and detection modalities. Implantable nanofibers of PCL embedding porphyrin sensors for efficient bone regeneration show decreased sensitivity in humans due to the higher implantation depths compared to murine models [98]. Multiple challenges persist for most of the systemically administered biomaterials. Nanoparticles, for instance, show high specificity in the detection of bone-related conditions, such as osteomyelitis, osteoporosis, bone tumors, etc., but their activity is hindered by the unique structural characteristics of bone, limiting vascularization. Bone can also exhibit disease-specific restrictions to delivery, including sub-micrometer canaliculi, which aid in bacterial infection [99]. Nanomaterial-protein adsorption lowers the targeting ability and alters biodistribution to the reticuloendothelium, which in turn leads to poor bone accumulation [100]. Enhancements in surface chemistry to amend protein adsorption and maintain targeting specificity are important to improve theragnostic purposes. Alternatively, the use of magnetic resonance imaging techniques was implemented for imaging gadolinium-doped hydroxyapatite nanoparticles absorbed into PCL scaffolds to track in vitro bone development [101]; furthermore, nano-hydroxyapatite-alginate-gelatin scaffolds incorporating SPIONs have been used to detect mineralization [102]. Nevertheless, there are quite a number of limitations that the current clinical theragnostics for bone repair lack, such as imaging microvessels and cells in vivo [103], the detection of implant-associated bacterial infections, postsurgical inflammation, etc. [104].



To conclude, the diagnostic needs are different for research and clinical scenarios. Most biomaterials used for imaging modalities have fluorescent detection sense modality, which can collate some unique diagnostic information, including bacteria-triggered infection detection, metabolites, or protein sensing [105]. Fluorescence, however, is not a standard clinical detection modality and is restricted by tissue penetration; as alternatives, current clinical approaches use X-rays/CT, magnetic imaging, and ultrasound, which can be amplified to enhance contrasting specificity for orthopedic applications through the development of diagnostic and theragnostic biomaterials [106]. Hence, the precise engineering of these technologies to further competently and locally deliver theragnostics indicate a prominent area of forthcoming exploration.




6. Recent Theragnostic Approaches for Bone-Linked Disorders


Although bone-linked disorders are not new, the application of theragnostics to treat such disorders persists at a very undeveloped stage and much research is necessary with high precision and technical improvements. The incidence of bone-linked disorders has radically soared in recent times. Disorders such as osteoporosis, osteoarthritis, bone fractures, non-healing bone wounds, and bone-related bacterial and fungal infections, are projected to impact over 200 million people worldwide [107]. Moreover, the frequency of osteoarthritic cases exceeds 20% of the mid-aged and aging population. However, cases of bone cancer are uncommon, leading to mortality in the affected patients [107]. Treatments and therapies for bone infections are extremely difficult, with high failure rates of about 30% [108]. Generally, the increased prevalence of bone-related disorders poses a tremendous clinical and socioeconomic burden worldwide. Hence, early detection and diagnosis are critical for enhancement in therapeutic and theragnostic efficacy and survival. Most diagnosis methodologies for bone disorders mainly rely on intensive radiologic imaging and biomarker examinations [107]. Magnetic resonance imaging (MRI) is a beneficial instrument for the detection of altered joint signals in the primary stages of osteoarthritis. For bone fractures and cancer, different approaches, such as X-ray, computed tomography (CT), MRI, positron emission tomography (PET)-CT scan, dual-energy X-ray absorptiometry (DXA), and biopsy, have been used [109].



Diverse emerging applications of multivariate nanomedicine in bone theragnostics have been extensively explored, including biological tumor tomography, microcrack detection, arthritis biomarker sensors, targeted fluoro-delivery, etc. Chen et al. (2017) developed targeted SPIONs coated with polyethylene glycol for the in vivo labeling and tracking of T cells in a collagen-induced arthritis model of rheumatoid arthritis [110]. MRI imaging implied a sharp increase in the signal-to-noise ratio of the femoral growth plates infused with the SPIONS, showing high transverse reflexivity, good selectivity, and bioavailability as a potent MRI probe in clinical applications. For the detection of bone metastases, a trastuzumab-functionalized SPION polymersomes was fabricated for its assessment against human endothelial receptor 2 (HER2) as a novel MRI contrast agent [111].



Polyethylene glycol glycosylated gold nanorods were conjugated with two tumor-specific oligopeptides, PT6 and PT7, to target an osteosarcoma cell line via specific photoacoustic imaging [112]. Bone-targeting self-assembled polymeric vesicles of Poly(ε-caprolactone)67-b-poly[(l-glutamic acid)6-stat-(l-glutamic acid-alendronic acid)16] were competent as a single photon emission computed tomography/computed tomography (SPECT/CT) imaging enhancer for early detection of bone cancer [113]. Chitosan has been widely researched as a drug carrier due to the presence of polycations; its good solubility, functionalization, and biodegradability were combined with a biomolecule kartogenin to fabricate nanoparticles that exhibited a fluoresced regeneration effect on cartilage degeneration [114]. The development of berberine-loaded chitosan nanoparticles via ionic cross-linking possessed a high anti-apoptotic effect by lowering Bax and caspase-3 expressions and upregulating Bcl-2 (major bone-related markers) [115]. An alginate-enclosed chitosan-calcium phosphate nanocarrier incorporating iron-saturated bovine lactoferrin was prepared for effective oral administration to suppress the progression of osteoarthritis [116]. In addition, nanosheets of graphene oxide were combined with photopolymerizable poly-d, l-lactic acid/polyethylene glycol and transforming growth factor-ß for localized delivery in cartilage tissue restoration [117]. An amalgamation of thermoresponsive triblock polymers of monomethoxy PEG (mPEG) and a PLGA-based carrier for treating osteoporosis was developed. This copolymer-based delivery system showed superior biocompatibility and a controlled and sustained release of the drug calcitonin to augment the therapeutic efficacy of the drug against osteoporosis [118]. Ma et al. (2016) combined GO-modified ß-tricalcium phosphate (GO-TCP) to form composite matrices with a high photothermal effect for osteoporosis that, under irradiation NIR, showed significant improvement in bone-forming ability [119].




7. Conclusions and Future Directions


Engineered nanoplatforms with diagnostic and reformatory abilities are cutting-edge technological miracles that not only facilitate the reparation of tissues of interest but also decide the suitability of the biomaterial and their cargo. However, challenges in successfully engineering tissue persist. Over the years, there has been a transition in the process of development of innovative theragnostics, such as nanoparticles, scaffolds, cell-based matrices, etc. The current investigations are largely directed toward the preparation and analytical characterization of these nanoplatforms, with very little light being shed on their ability to fit in with genetic diversity, long-term toxicity, and in vivo functionality. Hence, advancements that ensure that these systems are translatable from the laboratory to the clinic need special attention (Figure 3).



Theragnostic manifestos require thorough preclinical screening and extended investigations of toxicity, engraftment, bone regeneration, and adequate safety profiles. Other technological expansions are necessary to instrument customized biomaterial theragnostic platforms at collective levels of organizational and operational complexity for tissue engineering, especially bone applications. At a greater level, we picture that regenerative bone theragnostics may have huge potential as personalized and tailored medicine platforms, aiding patient-specific treatment plans based on diagnostic output and upgrading patient outcomes.
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Figure 1. Ordered classification of bone tissue over their magnitude and occurrence ranging from calcified outer compact layer to resident cells coated with cell membrane receptors and precise nanoarchitecture of the surrounding extracellular matrix. Reproduced with permission from Reference [22] © 2005 American Society for the Advancement of Science. 
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Figure 2. Nanoplatforms loaded with targeting and therapeutic moieties that serve as contrast agents for several imaging techniques to accomplish theragnostic objectives. AuNP: gold nanoparticle; CT: micro-computed tomography; MRI: magnetic resonance imaging [26]. Reproduced from open access source. 
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Figure 3. Comprehensive design of the contemporary research advances and the future expectations in biomaterials with numerous functions of bone therapeutics and regeneration [93]. Reproduced from an open access source. 
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Table 1. Different imaging techniques used as theragnostic tools for visualizing bone tissue, adapted from [14,25].
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	Imaging

Modality
	Sensitivity (M)
	Signal Type
	Radiation Hazard
	Spatial

Resolution
	Advantages
	Disadvantages
	Imaging Agent





	Optical Imaging
	Bioluminescence 10−15 to 10−17 & Fluorescence 10−9 to 10−12
	Visible light or near infrared
	Nil
	2–5 nm
	High sensitivity; ability to provide practical information without radiation exposure
	Low tissue penetration; low resolution; limited potential for clinical translation
	Fluorochrome/photoprotein



	Computed tomography
	Minimally characterized
	X ray
	Nil
	50–200 µm
	High spatial resolution; capability of tissues differentiation without radiation exposure
	High cost; required for contrasting agent; radiation and non-specificity
	Iodine



	Magnetic resonance imaging
	10−3 to 10−5
	Radio waves
	Nil
	25–100 µm
	High spatial resolution; no radiation exposure; ability to provide detailed functional information
	High cost; patient with metallic implants not suitable
	Iron oxide; Gadoliniu; manganese oxide; 19fluorine labelled compounds



	Gamma scintigraphy
	PET 10−11 to 10−12, SPECT 10−10 to 10−11
	Gamma rays
	Nil
	1–2 nm
	Capable of providing an image of the biochemical process
	High cost; radiation; low resolution
	8F, 64Cu, 11C, 15O labelled compounds



	Ultrasound
	Minimally characterized
	High frequency sound waves
	Nil
	50–500 µm
	Low cost; non-invasive; no radiation and ease of production
	Low resolution
	Microbubbles
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