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Abstract 

Introduction: Current treatments for osteogenic disorders are often successful, however they are not free 

of drawbacks, such as toxicity or side effects. Nanotechnology offers a platform for drug delivery in the 

treatment of bone disorders, which can overcome such limitations. Nevertheless, traditional synthesis of 

nanomaterials presents environmental and health concerns due to its production of toxic by-products, the 

need for extreme and harsh raw materials, and their lack of biocompatibility over time. 

Areas covered: This review article contains an overview of the current status of treating osteogenic 

disorders employing green nanotechnological approaches, showing some of the latest advances in the 

application of green nanomaterials, as drug delivery carriers, for the effective treatment of osteogenic 

disorders. 

Expert opinion: Green nanotechnology as a potential solution, understood as the use of living organisms, 

biomolecules and environmentally friendly processes for the production of nanomaterials. Nanomaterials 

derived from bacterial cultures or biomolecules isolated from living organisms, such as carbohydrates, 

proteins, and nucleic acids, have been proven to be effective composites. These nanomaterials introduce 

enhancements in the treatment and prevention of osteogenic disorders, compared to physiochemically-

synthesized nanostructures, specifically in terms of their improved cell attachment and proliferation, as 

well as their ability to prevent bacterial adhesion. 

Keywords: nanotechnology; osteogenic disorders; green nanotechnology; nanomedicine; drug delivery 

systems; bone tissue regeneration; controlled release; targeted delivery; bone disorders; nano-engineered 

scaffolds; nanoparticles 
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(SS)  

Article highlights box 

 Drug delivery for the treatment of osteogenic disorders is not free of drawbacks 

 Nanotechnology offers a suitable solution to overcome such inconveniences 

 Traditional synthesis of nanomaterials have problems related to their biomedical applicability 

 Green nanotechnology appears as a potential solution through the use of environmentally-friendly 

and naturally-derived approaches 

 Green-derived nanotechnologies show enhanced biocompatibility and applicability for the drug 

delivery of compounds to treat osteogenic disorders.  

 

1. Introduction 

1.1. The skeletal system and bone tissue 

The skeletal system forms the internal framework of the human body, which is tasked with performing 

vital functions needed for survival, such as support, movement, protection, blood cell production, calcium 

storage and endocrine regulations. Along with cartilage, bone is one of the skeletal system’s tissues- a 

dynamic organ that is continuously undergoing remodeling processes, in order to maintain a healthy and 

life-long execution of essential skeletal functions [1,2]. Therefore, it is vital that the bone adjusts to 

different mechanical changes by varying environmental conditions. Bone tissue is made of three types of 

bone cells:- while osteoblasts and osteocytes are actively involved in the formation of bone 

(mineralization), osteoclasts are tasked with the resorption of bone tissue. A bone is generally classified 



as either cortical or trabecular. While cortical bone is relatively denser, trabecular bone is the primary 

place of bone remodeling; and hence, trabecular bone is the main site for the appearance of bone disorders 

[3,4].  

1.2 Bone disorders 

Bone disease leads to abnormalities of skeletal system. Typically, bone mass is regulated by bone 

resorption - a process by which osteoclasts break down the tissue and release the minerals. The very 

process leads to bone formation, undergoing a systematic remodeling process [5].  Nevertheless, the 

balance can be altered by several factors, from phenotype to genotype, thus leading to abnormal bone 

remodeling, and the eventual development of bone disorders (Table 1) [5].   

 

Table 1. Principal bone disorders, symptoms, and currently available treatments 

Type of Bone 

disorder 
Facts and details Symptoms Treatments 

Osteoarthritis [6,7] 

Osteoarthritis occurs when the 

protective cartilage that 

cushions the ends of the bone, 
shrinks down over time. 

 Stiffness 

 Tenderness 

 Loss of flexibility 

 Grating sensation 

 Bone spurs and swelling 

 Pain 
 

Medication: Acetaminophen,  
Nonsteroidal anti-inflammatory 

drugs (NSAIDs),  Duloxetine 

(Cymbalta) 

Therapy: Physical and occupational 

therapy. 

Surgical: cortisone and lubrication 

injections, realigning bones and joint 

replacement 

Osteoporosis [8,9] 

Osteoporosis happens when 

the density of the bone is 

reduced, leading to 
modification of a tissue, that 

is more porous and fragile. 

 Back pain (collapsed vertebra) 

 Loss of height over time 

 Easily breaking bones 

Medication:  Alendronate 

(Fosamax),  Risedronate (Actonel), 
Ibandronate (Boniva), Zoledronic 

acid (Reclast),  Teriparatide 

(Forteo),  Denosumab (Prolia, 
Xgeva),  Abaloparatide (Tymlos) 

Osteomyelitis 
[10,11] 

Osteomyelitis is an infection, 
which can reach a bone by 

moving through the 

bloodstream or spreading 
from nearby tissue. 

 Fever 

 Swelling,  

 Warmth in the area  

 Pain in the area  

 Fatigue 

Medication: antibiotics 

Surgical: drain infected areas, 

remove diseased bone and tissue, 

restore blood flow to the bone, 
remove any foreign objects and 

amputate of limbs 



 

 

2. Bone drug delivery systems 

The realm of medical research has been making significant advances in both the prevention and treatment 

of various bone disorders. Hundreds of different medicinal compounds, surgical, and therapy-based 

treatments have been developed over time (reference: Table 1). This review is focused on drug delivery 

systems to treat bone diseases, the reason by which therapy-based and surgical treatments are left out of 

scope and will not be discussed. A drug delivery system is defined as the technology that serves to 

transport pharmaceutical compounds in the body as needed, to safely achieve the desired therapeutic 

effect. In terms of bone, drug delivery systems can be organized in two different groups depending on the 

targeted tissue: the whole skeletal system, also known as bone-sites, or specific bone cellular locations 

[16]. Bone-targeting molecules can be either synthetic or biological, and prevent bone-tissue loss and help 

bone regeneration [17]. These drugs commonly present high stability when they reach the targeted tissue, 

as well as an affinity for bone mineral at low systemic levels [18]. In this section, different strategies of 

drug administration to bone tissue are summarized, and organized, in terms of the drugs that are delivered 

(Figure 1).  

Osteosarcoma 

[12,13] 

Osteosarcoma is the most 
frequent type of bone cancer, 

which is most often localized 
in the longer bones within the 

skeletal system. 

 Swelling near a bone  

 Bone and joint pain  

 Bone injury 

 Bone break without reason 

Medication: chemotherapy, clinical 
trials of medication 

Surgical: limb-sparing surgery, 
amputation, rotationplasty. 

Radiotherapy (only selected cases). 

Osteogenic 

imperfecta   

[14,15] 

Osteogenic imperfecta is a 

genetic disease characterized 
by brittle bones that break 

easily. 

 Bone deformities  

 Multiple broken bones  

 Loose joints 

 Weak teeth  

 Blue sclera  

 Bowed legs and arms 

Medication:  IV bisphosphonates 
(BPs) (pamidronate (Aredia®) and 

zoledronate (Reclast®/Zometa®) to 

increase bone mass, and alendronate 
(Fosamax®), teriparatide (Forteo®) 

or other osteoporosis drugs to 

maintain bone mass. 

Surgical: osteotomies, 

intramedullary rodding surgery, joint 

replacement, fracture, and rod repair 

Therapy: physical and occupational 
therapy. 



2.1. Drug delivery of Bisphosphonates (BPs) 

BPs are one of the most used non-specific chemically-synthesized drugs, derived from inorganic 

pyrophosphates, phosphorus oxyanions that contain a P-O-P linkage. These Pyrophosphates are natural 

compounds that regulate bone mineralization by binding to hydroxyapatite (HA) crystals [19]. Due to 

their high susceptibility for calcium phosphate (CP), BPs are capable of inhibiting bone resorption. 

Therefore, they have been largely used to treat bone-diseases like osteoporosis or osteogenesis imperfecta 

[20].  BPs are administrated either by intravenous route every 3–4 weeks, or once daily by oral route [21]. 

However, there are some alternatives to these administrative approaches. One such example is the 

microencapsulation of the BPs inside biodegradable poly(lactic-co-glycolic acid) (PLGA). Another 

example is through the association of its molecules (either in a free or microencapsulated form) to 

biomaterials, that can be implanted or conjugated (Figure 1A). The systemic administration of BPs 

commonly results in 20–50% deposition of the molecule at bone tissues, with minimal accumulation at 

other sites [22,23].  

2.2. Tetracyclines (TCs) 

TCs are broad-spectrum antibiotics used to treat different bacterial bone diseases [24]. These can be 

directly isolated from several species of Streptomyces bacteria, or produced semi-synthetically from those 

isolated compounds; hence, rendering a wide variety of compounds under the same antibiotics’ family. 

TCs inhibit bone resorption, but also stop the action of collagenases in breaking the peptide bonds of 

collagen, while promoting the generation of osteoblasts [25]. Consequently, TCs have been mostly used 

to treat periodontitis, which is related to alveolar bone loss [26]. TCs are administered both systematically 

and also as local drug delivery agent. which serve as an advantage for avoiding the harmful effect of 

systemic administration. These effects include the development of antibiotic resistant flora and 

suppression of the normal flora [27]. Successful local drug delivery methods are based on the 

combination of TCs with fibers [28] or bioactive glass [29]. This combination acts as a bioactive behavior, 



as well as the encapsulation of TCs within PLGA [30] or PEG-PLGA micelles [31], allowing for a 

controlled released of the compounds within the infected targeted area.  

2.3. Oligopeptides 

Oligopeptides are small sequences of amino acids, naturally present in the human body, which have the 

ability to link to HA when aspartic acid (Asp) and glutamic acid (Glu) residues are present in their 

structure, preventing bone resorption [32,33]. Osteopontin and bone sialoprotein are two major 

noncollagenous proteins in the bone, which have both L-Asp and L-Glu repetitive sequences in their 

structure, respectively, aiding the process of  rapid binding to HA once secreted in osteoblastic cell 

culture. Thus, these oligopeptides are suitable candidates as bone-targeting agents that can be combined 

with different drugs (Figure 1B). For instance, after systemic administration, a drug tagged with an 

oligopeptide can be selectively delivered to bind with bone, acting as the active drug  which is gradually 

released during the bone remodeling processes [34–36]. 

2.4. Aptamers 

Nucleic acid aptamers are short, single-stranded deoxyribonucleic acid (DNA), or ribonucleic acid (RNA) 

molecules that are selected for binding to a specific target [37]. Aptamers are considered chemical 

antibodies because they are functionally comparable to traditional antibodies. However, ,they present 

several improvements, in terms of their mechanical and chemical properties. Aptamers are extremely 

selective and specific to target recognition and binding. Furthermore, they are relatively small and possess 

flexible structure, together with a quick chemical production, easy chemical modification, high stability, 

and lack of immunogenicity. In addition, many aptamers can be internalized upon binding to cellular 

receptors, making them effective targeted delivery agents for small interfering RNA (siRNAs), 

microRNAs, and conventional drugs - which are extremely valuable for targeting bone diseases. Various 

cell-type-specific aptamers have been conjugated with therapeutic agents (such as siRNA, microRNA, 

chemotherapeutics, or toxins), or delivery vehicles (like organic or inorganic nanocarriers) for targeted 



delivery in a cell-type-specific manner [37,38] . A recent proof-of-concept study generated aptamer-

functionalized lipid nanoparticles (LNPs) for siRNA delivery. By using cell-based systematic evolution of 

ligands by exponential enrichment (SELEX), DNA aptamers targeting osteoblasts were  used for 

decoration of LNPs that encapsulated siRNAs. Then, the delivery system not only facilitated in vivo 

osteoblast-selective siRNA uptake, but also resulted in gene silencing in vivo. Consequently, this 

phenomenon aided bone formation and bone microarchitecture, while enhancing the mechanical 

properties of the new tissue [37,39]. 

 



Figure 1. (A) Schematic diagram showing the use of BPs, either alone or conjugated to various pharmaceuticals, fluorophores, 
radionuclides, chelation complexes, macromolecules, and nanoparticles, for targeting mineral in bone and pathological 
calcifications for drug delivery, diagnostic imaging, and radiotherapy [22]; (B) Targeted, systemic drug delivery uses targeting 
moieties (e.g. peptides and aptamers) to deliver drugs to bone. Carriers travel through the bloodstream and exit upon targeting. 
Drugs are cleaved via matrix metalloproteinases (MMP) and enzymatic activity or due to a change in pH. [38]. MMP = Matrix 
metalloproteinases  

2.5. Challenges to current drug delivery approaches for bone diseases 

From all the variety of bone disorders, only trauma, osteoporosis, and osteogenic imperfecta cause 

approximately 6 million fractures in the United States annually. 5-10% of all fractures result in delayed 

union or non-union, with age, smoking, and diabetes as common comorbidities of poor healing [38,40]. A 

successful bone regeneration requires a complex and orchestrated cascade of cells and growth factors, and 

effective targeting of the drugs in the tissue. While novel drug delivery approaches have yielded different 

levels of success clinically, there are still significant technological challenges. 

For instance, bone disorders often require clinical intervention measures – the outcome of which is not 

always satisfactory. Some of the most common skeleton disorders have no effective treatments available, 

while others present a distorted balance between adverse reactions and therapeutic effect. Due to the poor 

penetration into the bone tissue, systemic drug delivery may result in systemic toxicity [41]. Currently, 

most of the widely used drugs face major difficulty in reaching the target tissue. Therefore, large doses 

must be taken, which increases the risk of toxicity [16]. For instance, patients taking antiosteoporotic 

drugs are exposed to adverse effects such as cancer risks and endometritis due to the higher doses 

administered [42], hence existing an unmet need for the improvement of more efficient delivery systems 

with less toxicity. 

3. Nanotechnology as a solution for the treatment of bone disorders 

Acting as a bridge between nanotechnology and human physiology, nanomedicine allows scientists and 

researchers to study biological systems at the nanoscale with the aim of revolutionizing traditional 

therapies. This aim is further developed by employing nanomedicine for improving the effectiveness of 

drug delivery strategies to replicate natural healthy tissues [16]. The emergence of nanotechnology has set 



high expectations in understanding the complexities and difficulties in medicine and biological science. 

The application of nanomaterials (NMs) in medicine has led to the continuous rise of nanomedicine, with 

great potential in the treatment of several diseases, including bone disorders. Therefore, NMs have 

become a promising treatment for bone disorders, eliminating many pitfalls of the current therapies 

aforementioned. Employing nanotechnology concepts, advanced drug delivery systems play a vital role in 

the osteogenic bone disorders, and promise for enhancing the repair of degenerated and injured tissues 

[43,44]. Tables 2 and 3 summarize the most commonly used nanotechnology-based systems and their 

targeting strategies for bone drug delivery, including polymeric moieties nanoparticles (NPs) as drug 

carriers, nano-based-loading methods and hydrogel-based release, among others.  Many of the 

components in bone tissue are at the nanometer scale, self-assembled, nanostructured extracellular matrix 

(ECM) substrates, which can closely surround, interact, and affect bone-forming cells, along with 

promoting their adhesion, proliferation, and differentiation (Figure 2) [45,46]. Literature flourish with 

NMs-based targeting drug delivery systems have improved bone regeneration because of their small size - 

allowing them to traverse biological barriers for more efficient delivery [47,48]. 

The principle behind nanotechnology-based drug delivery, as a treatment modality, begins with the 

creation of drug-loaded NPs (Figure 2A). , which provides a promising approach for prolonging the 

circulation time, and improving the biodistribution of drugs [49]. NPs can be easily implemented (on an 

individual basis) during the operative surgery on an injured bone site. These NPs can also play a crucial 

role as therapeutic delivery agent, or can be incorporated into a nanoengineered biomaterial (Figures 2B 

and Table 3), such as an electrospun support (Figures 2C), or hydrogel (Figure 2D) to accelerate the 

bone regeneration mechanism. During the last few years, researchers also employed a combinatorial 

nano-based approach proving a synergistic effect for both the therapeutic deliveries and the regeneration 

of the tissue [50] (Figure 2B). In the context of bone disorders, NMs can provide scaffolds with 

exceptional tissue regeneration via mechanical stimulation. This mechanism releases various loaded drugs 



and mediators, or 3D scaffolds, for cell growth and differentiation of bone marrow stem cells to 

osteocytes [44] 

The efficient targeted delivery of bone-specific drugs to the desired site of action can increase efficacy, 

and reduce toxicity in all kind of osteogenic disorders. However, disadvantages include delivering the 

drug to the target without losing functionality, as well as avoiding some kind of adverse side effects [16].  

Consequently, one of most critical problems with NMs-based drug delivery approaches is the production 

of the delivery vehicles. Traditional synthesis of NMs relies upon physicochemical processes, which are 

hindered by several drawbacks - such as harsh processing conditions, production and release of toxic by-

products or lack of a desired biocompatibility - leading to unwanted cytotoxic profiles upon contact with 

biological tissue [51–53]. Furthermore, unique instrumentation is often required for the production of the 

carriers, such as chemical vapor deposition (CVD) chambers or ultra-high vacuum systems. Additional 

drawbacks are observed during the aggregation of NPs after synthesis, which can impede both the 

purification and characterization of the systems, as well as compromise the effectiveness of the newly-

synthesized NMs (for biomedical applications) [54]. As a consequence of the synthesis method, some of 

these NMs might degrade once released in the body, leading to an unwanted production of toxic 

degradation products that may be harmful to body tissues, or locally lower the pH. As a consequence, 

using these materials in large dose, could prove defiant. Moreover, due to the complexity of bone tissue, 

most of the drug delivery systems exhibit poor targeting efficiency and uncontrolled drug release. 

Therefore, to increase the efficiency of therapy and improve its biomedical outcomes, new targeted drug 

delivery systems have been intensively pushed forward as potential strategies, avoiding the limitations 

aforementioned. 



 

Figure 2. (A) Schematic demonstrating the fundamental principle of drug delivery using nanoparticles[55] This method not only 
allows for more precise drug targeting but also for greater control of drug release in treating bone diseases. (B) Uses of 
nanotechnology in the treatment of osteoporotic bone, including nanomaterials for therapeutic delivery, nanomaterials for 
regulating bone remodeling, nanoengineered biomaterials for accelerated bone regeneration, and combinatorial 
nanoengineered approaches[50], (C) Regenerative technique using human mesenchymal stem cells (MSCs) to treat bone 
disorders, including a sequential process of growth, differentiation, and proliferation of the cells onto the desired electrospun 
scaffold and then implantation inside a bioreactor, followed by reimplanted into the patient [55], (D) Schematic illustration of 
the formation of a highly adhesive, multifunctional hydrogel coating on titanium (Ti) surfaces [56] 

 

Table 2. Nanoparticle-based drug delivery systems for bone disorders 

Type of nanocarrier Application About 

Polymeric moieties 

BPs 
 Treating osteoporosis 

 Mineral-based therapeutics 

 Osteoblast-promoting material 

 Often implanted with scaffolding materials to direct stem cells differentiation 

towards osteoblasts 

 Strong affinity for binding to CP 

CPs 
 Gene delivery and gene 

therapy 

 Superior biocompatibility, biodegradability, and the similarity in structure to 

the inorganic composition of bone minerals [56] 

 CPs can stabilize DNA or RNA through electrostatic interactions 

 Prevent the degradation of nucleotides 

 Promote the internalization of the former into cells [56] 

 Disadvantage: their spontaneous aggregation can result in reduced transfection 

efficiency 

 Gene therapy applications 

 

HA 
 Mineral-based therapeutics 

 Osteoblast-promoting calcium-based materials 

 Showing an efficient synergistic effect when combining with an osteoclast-

inhibiting BPs [57] 

Inorganic NMs Gold (Au) NPs 

 Induce osteogenic 

differentiation for the 

treatment of osteoporosis 

 Promote homeostasis in 

bone remodeling [58] 

 Easy to functionalize with drugs, target moieties, and polymers because of 

gold-thiol bonds [59] 

 Intrinsic ability to upregulate osteoblast activity [58,60] and downregulate 

osteoclast differentiation [61] 



Selenium (Se) NPs 
 Osteoporosis treatment 

while fighting cancer 

 Naturally exists element in the human body 

 Reduce different types of cancer [62] 

 Biocompatibility and anti-carcinogenic effects [63] 

 Increasing the growth of healthy osteoblasts while inhibiting the growth of 

cancerous osteoblast 

Ti nanotubes 
 Fabrication of bone 

implants in the form of 

screws, plates, and pins 

 High biocompatibility, and resistance to corrosion [64] 

 The nano features surface roughness of Ti implants can increase the interaction 

with the surface adherent cells and, thus, to promote osseointegration [65]  

 Toxicity issue at high doses [66] 

 

Superparamagnetic iron 

oxide (Fe3O4) NPs 

 Magnetic resonance 

imaging (MRI) 

 Hyperthermia treatment 

 Magnetic functionality for potential direction in vivo to osteoporotic bone [67] 

 Local delivery [68] 

 A promising candidate for arthritis imaging through MRI 

 

Mesoporous silica NPs 

(MSNPs) 
 Treatment of osteoporosis 

 Mesoporous structure (up to 10-20 nm pore size) [69] provides high surface 

area for efficient drug loading [70] 

 They can act as both a drug carrier [71] and a bone bioactive agent [72] 

 Enhance the in vitro osteoconductivity of the nanomaterial when implanted on 

Ti [73]  

Silver (Ag) NPs 
 Antimicrobial nanophase 

on orthopedic implants 

 Decrease the bacterial colonization on coated Ti implants [74] 

 Inhibit biofilm formation 

 Non-antibiotic-based nanotechnology 

Tellurium (Te) NPs 
 Antimicrobial coating for 

bone implants 

 Enhancement of antimicrobial properties of the implantable surface 

 Improvement of osteoblasts proliferation over the surface [75] 

Organic NMs 

 

Lipid NPs  
 Promote increased drug 

storage 

 Rigid, uniform nanocarriers can be formed into a core-shell or homogenous 

particle structure [47] 

 Because of their nanoscale, they are an effective tool for the delivery of nucleic 

acids for in vivo gene therapy 

 Superior biocompatibility, kinetic and physical stability [76] 

Dendrimers 

 Effective delivery of 

therapeutic drugs 

 Gene therapy 

 To improve the hydrophilicity and to accelerate cell capture and antibody 

conjugation [77,78]  

 Rapid targeting and efficient capturing of tumor cells 

Micelles 
 Local and specific delivery 

of drugs for osteoporosis 

treatment [79] 

 Sizes about 50 – 100 nm 

 Hydrophobic core and hydrophilic outer shell 

 Reduce the toxicity of the drug and improve its dispersibility 

 Improve the loading efficiency and efficacy 

Liposomes 
 Treatment of osteoporosis 

[80] 

 Hydrophilic material 

 Inhibition of cell growth 

 Decreased metastasis 

 To incorporate anti-infection in joint replacements [81]  

Chitosan 

 Effective gene carriers 

 Osteoporosis treatment 

 Bone tissue regeneration 

 Disadvantage: must be functionalized before use as an effective gene therapy 

vector [82] because of the low cell internalization efficiency [83] 

PLGA 

 The delivery of bone-

related hormones and 

proteins [84] 

 Treatment of 

osteosarcomas [85] 

 Easy to functionalized with targeting ligands [86] and tunable drug release 

kinetics  

 Low toxicity [87] 

 Reduce the adverse effects associated with the administration of antiresorptive 

drugs 

Composite NMs 
Nanomagnetic liposomes 

[88], PLGA-CP [89] 

 Promoted bone 

regeneration 

 Multi-purpose therapy 

 Enhances new bone formation while preserving the binding sites for osteogenic 

differentiation and new bone growth 

 Multifunctional nanocarrier systems 

 

 

 

 



Table 3. Nano-engineered scaffolds-based drug delivery systems for bone disorders 

Type of nanocarrier Application About 

Hydrogels Nanocomposite hydrogels 
Tissue engineering and 

regenerative medicine 

 Biocompatibility, hydrophilicity, biodegradability, and tunability are the most 

important requirements [90] 

 Injectable delivery 

 Controlling drug release [91] 

Nanofibers 
Electrospun nanofibrous 

scaffolds 

Tissue engineering and 

regenerative medicine 

 Increase the mechanical properties of the matrix in addition to promoting 

osteoblast differentiation and proliferation [92] 

 Supporting cellular functions by mimicking biological micro- and nano-

environments (such as the ECM) 

 Controlling drug release [93] 

Hybrid/ 

Composite scaffolds 

PEG or gelatin-based 

hydrogels incorporated with 

nano-silica or nano-

hydroxyapatite (nHA) 

Enhanced tissue repair and 

regeneration while controlling 

the drug release [94] 

 Harnessing the osteoconductive potential of nanomaterials 

 Enhancing new bone formation when implanted within a hydrogel scaffold 

incorporated with biochemical cues 

 Adjusting the drug release kinetics, drug stability, drug transportation, scaffold 

degradation, and biocompatibility 

 Premature field of research and a lot of research need to be done 

 

 

4. Green Nanotechnology as a driven technology for treatments of osteogenic disorders. 

Nanotechnology has been widely recognized as a reliable alternative to face the global challenges that 

come with the environment and the healthcare systems of a modern society. However, the nanoscale 

world has its own trials, particularly those related to the production of NMs in a sustainable method. 

[35,95]. Hence, Green Nanotechnology appeared to be a potential solution upon the application of the 12 

principles of green chemistry [96] to the synthesis of NMs. Therefore, Green Nanotechnology has been 

conceived to target the synthesis of NMs by using living organisms, biomolecules or natural waste 

materials, following methods that either reduce or eliminate the chemical need for harmful substances, 

such as solvents, reducing and capping agents [97–99]. In terms of nanomedicine, green-synthesized NMs 

have exhibited great potential as antimicrobial and anticancer agents. These NMs also possess 

photoimaging and photothermal therapy components, magnetically responsive drug delivery systems, and 

biomolecules and complex biological structure nanodetectors [100–102]. Nevertheless, the application of 



green-nanotechnological products in the treatment of bone disorders, is considered a newborn field. 

Despite of the lack of public knowledge, some promising research trends towards the use of green NMs 

for diagnosis and therapy of osteogenic disorders is discussed in the subsequent sections, exemplifying 

the utter focus on improvements in the targeting method compared to their traditionally-synthesized 

counterparts, and the overall applicability of this novel technology.  

The following sections are organized with respect to the biomolecules employed for the production and 

assemblage of the NMs that are used as drug delivery systems for the treatment of different osteogenic 

disorders.  

4.1. Polysaccharides-based green nanotechnologies   

Polysaccharides are among the most versatile molecules in nature, widely available with significant 

biomedical applications’ potential, leading to a development of several examples of polysaccharides-

based approaches as drug delivery for the treatment of bone disorders (Table 4).  

Heparin is a naturally occurring glycosaminoglycan, a complex polysaccharide containing amino groups, 

with some attractive biomedical properties. This very property makes heparin-based nanocomplexes 

important biologically-derived drug delivery vehicles, with high loading and enhance releasing abilities. 

Liu et al. studied the use of these nanocomplexes for the support of placental growth factor (PlGF) and 

bone morphogenic protein-2 (BMP2). Three groups of PlGF-2/BMP-2-loaded heparin–N-(2-hydroxyl) 

propyl-3-trimethyl ammonium chitosan chloride (HTCC) nanocomplexes were prepared, achieving a 

loading efficiency between 83 to 99%, for all complexes with approximate size of 350 nm. Acting as a 

“sandwich” or a “double duty” component, Heparin interacted with HTCC to form highly stable and 

biocompatible polyelectrolyte complexes. In in vitro biological assays, PlGF-2 exhibited osteogenic 

effects comparable to those of BMP-2, despite its dose being lower than the BMP-2 dose, in a similar 

experiment. Moreover, the results implied that heparin-based nanocomplexes, encapsulating two GFs 

have enhanced potential for osteoblast functionality, as the nanostructures trigger a favorable bone cell 



function, signifying promise in the bone regeneration process [103]. Similarly, S. E. Kim et al. studied 

whether or not the combination of previously undifferentiated bone marrow-derived mesenchymal stem 

cells (BMMSCs) and BMP-2, delivered via heparin-conjugated PLGA nanoparticles, would allow for 

bone regeneration in vivo. The amount of heparin conjugated to the NPs was 15.8 ± 0.4 mg/g of the 

structures, with a size below 520 nm. Upon combination with a fibrin gel, the sustained delivery system 

of the NPs was found to be based on the inherent capacity of heparin to bind to BMP-2. This phenomenon 

was achieved via electrostatic interactions between heparin’s negatively-charged sulfate groups and 

BMP-2 positively-charged amino acid residue. After characterization, an initial in vitro testing found that 

the heparin-conjugated NPs were able to release BMP-2 over a 2-week period, which allowed BMMSCs 

to differentiate toward osteogenic cells, expressing alkaline phosphatase (ALP). A subsequent in vivo 

testing found that undifferentiated BMMSCs (with BMP-2-loaded NPs) induce far more extensive bone 

formation than either implantation of BMP-2-loaded HCPNs or osteogenically differentiated 

BMMSCs .[104] 

On the other hand, chitosan, a linear polysaccharide obtained from the hard outer skeleton of shellfish, 

has found substantial application in drug delivery systems through the combination of different NMs. For 

instance, Lee et al. developed a double emulsion process, in order to generate PLGA-lovastatin-chitosan-

tetracycline NPs as local delivery device, with size around 107 nm. These properties allowed the 

subsequent release of TCs and lovastatin, to control local infection and promote bone regeneration in 

periodontitis. A large amount of TCs were released on the first day of administration, followed by a 

gradual release until day 14. This study also showed that high concentrations proved more effective 

against A. actinomycetemcomitans and P. nigrescens through an in vitro model.  Since most of the 

encapsulated molecules were released on the first day (and the TCs were incorporated at the outermost 

chitosan layer), its release was attributed to basic diffusion. Consequently, using a higher degree of 

chitosan could prove to prolong the release. In vitro testing indicated that the NPs showed excellent 



biocompatibility, antibacterial activity, and increased ALP activity, all of which significantly elevate new 

bone formation [105].  

Alternatively, a low cost-delivery system, based on the nanoencapsulation of chitosan, dextran, and 

bovine serum albumin (CH–Dext-BSA) into NPs, was reported by Valente et al. With the aim of 

improving bone regeneration, this dual drug delivery system combined both protein mediators and cells in 

the same carrier,  . These novel nano and microcarriers improved the protection and transportation of the 

biomolecules and cells into the target bone tissue, enabling their integration., and consequently, bone 

tissue repair through in vitro studies. This novel procedure also contemplates the possibility to 

encapsulate other autologous patient cells that further deposit extracellular matrix and accelerate 

regenerative processes of different tissues [106]. Similarly, Gaur et al. reported a chitosan NPs-mediated 

delivery of miR-34a - a tumor-suppressive microRNA that downregulates multiple gene products 

involved in bone-metastatic prostate cancer (PCa) progression - which inhibited prostate tumor growth 

and preserved bone integrity, both in vitro and in vivo [107].  

Similarly, the possibility of immobilizing BMP2 on a chitosan-grafted titanium substrate (Ti-CS-BMP2) 

was studied, revealing an enhancement of bone marrow stromal cells (BMSCs) adhesion onto the 

substrate surface, and inducing their differentiation into osteoblasts. An in vitro study showed that along 

with an osteoconductive effect, this substrate was able to retain adsorbed BMP2, and was capable of slow 

release of this growth factor[108]. Similarly, the surfaces of Ti alloy substrates were functionalized by 

covalently grafting carboxymethyl chitosan (CMCS), followed by the conjugating BMP2 to the CMCS-

grafted surface. The CMCS-BMP2 modified substrates were strategized to enhance tissue integration by 

creating a selective biointeractive surface, that simultaneously enhances bone cell function, while 

decreasing bacterial adhesion of both Staphylococcus aureus and Staphylococcus epidermidis. An in vitro 

study revealed a significant promotion of cell attachment, ALP activity, and calcium mineral deposition 

of both osteoblast and BMSCs [109]. 



Another useful example is found in pullulan - a polysaccharide polymer consisting of maltotriose units. 

Cholesteryl group and acryloyl group-bearing pullulan (CHPOA) nanogels were prepared to form fast-

degradable hydrogels (CHPOA/hydrogels) with an aim to suppress limitations of similar drug delivery 

vehicles, such as inflammation, poor cost-efficiency, and varying interindividual susceptibility (Figure 

3A). Over a longer term period, the novel drug delivery system allowed the controlled release of both 

BMP2 and recombinant human fibroblast growth factor 18 (FGF18) to the bone defect, in order to induce 

effective bone repair (Figure 3B). The authors conclusively found that the combination of the 

CHPOA/hydrogel system with the GFs might be a step towards efficient bone tissue engineering, both in 

vitro and in vivo. [110].  

Gellan xanthan gum is an anionic exocellular polysaccharide derived from the bacteria Sphingomonas 

elodea. Gellan xanthan gels were combined with chitosan NPs, basic fibroblast growth factor (bFGF), and 

bone morphogenetic protein 7 (BMP7) in a dual growth factor delivery system, in order to promote the 

differentiation of human fetal osteoblasts (Figure 3D). The results of an in vitro study concluded that the 

dual GFs loaded gels showed a higher ALP and calcium deposition, compared to single GFs loaded gels. 

[111]. The gels also showed antibacterial effects against Pseudomonas aeruginosa, Staphylococcus 

aureus, and Staphylococcus epidermidis - the common pathogens in a possible implant failure [112,113]  

Alternatively, some examples can be found for the use of alginate, a natural anionic polysaccharide 

polymer collected from brown seaweed, that shows several biomedical applications [114].  . Gonzales-

Fernandez et al. produced gene-activated constructs, in which MSCs and nHA complexed were combined 

with plasmid DNA (pDNA), encoding for transforming growth factor-beta 3 (pTGF-β3), bone 

morphogenetic protein 2 (BMP2), or a combination of both (pTGF-β3-BMP2) (which were then 

encapsulated into alginate hydrogels). The gene-activated alginate hydrogel was studied in vitro and was 

shown to be capable of supporting nHA-mediated nonviral gene transfer, in order to control the 

phenotype of mesenchymal stem cells (MSCs), support transfection of encapsulated MSCs, and direct 

their phenotype toward either a chondrogenic or an osteogenic phenotype [115].  



 

Table 4. Different types of polysaccharides-based nanotechnologies for treatment of bone tissue 

Type of nanosystem Nanocarriers Drug delivered Main features 

Polysaccharides-based  

 

Heparin-based nanocomplexes [103] 

Heparin-conjugated PLGA-NPs [104] 

PIGF 

BMP2 

 High-loading efficiency 

 Enhanced released 

PLGA-lovastin- chitosan-tetracycline NPs [105] 
TCs 

Lovastin 

 Sequential drug release 

 Biocompatibility 

 ALP activity 

Chitosan-dextran-bovine serum albumin (CH-Dext-BSA) [106] 
BSA 

MSCs 

 Dual drug delivery system 

 Protection of the loaded drug 

Chitosan-NPs [107] miR-34a  microRNA delivery 

Chitosan-grafted Ti substrate embedded with bone morphogenetic protein-2  (Ti-

CS-BMP2) [108] 
BMP2 

 Enhancement of BMSCs adhesion 

 Effective control of the drug release 

Ti-Carboxymethyl chitosan (CMCS) conjugated to BMP2 (CMCS-BMP2) [109] BMP2 

 Cell attachment promotion 

 ALP activity 

 Calcium mineral deposition 

Cholesteryl group- and acryloyl group-bearing pullulan (CHPOA) nanogels [110] 
BMP2 

FGF18 
 Controlled release of proteins 

Gellan xanthan gels combined with chitosan NPs, bFGF and BMP7 [111] 
bFGF 

BMP7 

 Dual growth factor delivery system 

 Cell differentiation promotion 

 Antibacterial activity 

Alginate hydrogels combined with nHA [115] 
TGF-β3 

BMP2 
 Cell phenotype control 

 

4.2. Protein-based green nanotechnologies  

Protein-based nanotechnology is an emerging field that is focused on the use of biologically-derived 

proteins as raw materials for the production and functionalization of nanostructures with biomedical 

applications. Despite being a relatively new field, several examples of the use of these biomolecules, as 

drug delivery carriers, have been developed (and tested) in the last few years (Table 5).  

Silk sericin (SS) is a glycoprotein created by bombyx mori silkworms during the production of silk, with 

a variable aminoacid composition and diverse functional groups. These characteristics confer attractive 

bioactive properties, which are particularly interesting for biomedical applications, including bone repair. 

Therefore, SS has been used in different formulations, such as films, gels or sponges, as biologically-



derived drug delivery vehicles of different molecules [116]. For instance, Nishida’s group evaluated the 

practical applicability of SS films in the effective repair of defective tissues, with fibroblast growth factor-

2 (FGF2) incorporated into films, and later implanted on skull defects in rats. Through enzymatic 

hydrolysis in vivo, these films successfully released FGF2 in a prolonged and sustained manner. Since 

these films supported the growth of tissues around skull wounds in rats, their potential use for the 

acceleration of bone remodeling and wound healing was encouraged[117]. An intriguing bone tissue 

engineering approach showed chitosan, β-glycerophosphate (β-GP), and SS hydrogels being loaded with 

longan seed extract (LE), exhibiting an irregular pore structure. The incorporation of SS affected the 

network structure of the hydrogels, leading to a rapid degradation. Moreover, when loaded with LE, the 

cumulative amounts of both gallic acid (GA) and ellagic acid (EA) released from the hydrogels increased 

with an increase in the SS content. Finally, these thermosensitive hydrogels were non-toxic to both a 

mouse fibroblast cell line (NCTC clone 929) and a mouse osteoblast cell line (MC3T3-E1). As evident 

from the in vitro results the attachment of MC3T3-E1 cells to the surface of the hydrogels was also 

promoted. [118].   

Collagen is a natural protein, which hosts amino acids, organized in triple-helices of elongated fibrils, 

allowing for an accelerated bone regeneration, through the use of different formulations. For example, a 

quick bone defect regeneration can be easily achieved through the use of a bioactive collagen nHA 

scaffold, engineered specifically for bone repair. This nHA scaffold can sustain localized delivery of 

BMP2 and vascular endothelial growth factor (pVEGF), pro-osteogenic and pro-angiogenic genes 

respectively, by using a non-viral dual delivery system [119].  The authors have shown the therapeutic 

efficacy of using non-viral vectors in a 3D scaffold, both in vitro and [within a critical-size defect] in vivo. 

After only 4 weeks, rats treated with the nHA dual scaffold displayed complete bridging of the defect, 

increasing bone regeneration and markedly accelerating bone healing.  

Gelatin is a mixture of peptides, produced by partial hydrolysis of collagen, extracted from the skin, 

bones, and connective tissues of animals. Gelatin has shown potential as an integral component of a drug 



delivery system (Figure 3C). For instance, Raina et al. developed a novel macroporous composite 

biomaterial, consisting of gelatin, HA and calcium sulfate for co-delivery of bone morphogenic protein-2 

(rhBMP2) and zoledronic acid (ZA). The authors hypothesized that the biomaterial mimics the structure 

of trabecular bone, and thereby constitutes a better scaffolding system in terms of its osteoconductivity. It 

effectively induces osteogenic differentiation of osteoblast precursor MC3T3-e1 cells by significantly 

increasing the biochemical and genetic markers of osteoblastic differentiation. In vitro results clearly 

showed that a low amount of rhBMP-2 was released, contrary to the in vivo results, wherein nearly 65% 

of the protein was released in a controlled manner over a period of 4 weeks. Similar results were obtained 

with the ZA release experimentation. Consequently, this fabricated biomaterial proved to be an efficient 

carrier device for the co-delivery of both molecules, with further potential for reducing the doses of 

rhBMP- 2 and ZA, in order to achieve similar results [120].  

 

Table 5. Different types of protein-based nanotechnologies for treatment of bone tissue 

Type of nanosystem Nanocarriers Drug delivered Main features 

Protein-based 

SS films [117] 
FGF2 

 Drug release control 

Chitosan, β-glycerophosphate and 

SS hydrogels  

Longan seed extract (LE) 

gallic acid (GA), ellagic acid (EA) 
 Drug release control 

Bioactive collagen nHA scaffold 

[119] 

BMP2 

pVEGF 
 Localized delivery of both an 

angiogenic and an osteogenic gene 

Gelatin-HA-calcium sulphate [120] 
rhBMP2 

ZA 
 Osteogenic differentiation 

 

 

 

 

4.3. Calcium-based green nanotechnologies  



CP is a natural bone mineral, with the form of a carbonated apatite. Like HA, CP can be combined with 

some green nanotechnologies, leading to outstanding improvements for the management of bone-derived 

problems. as well as for developing drug delivery systems (Table 6).  

For instance, an unusual approach was proposed by Gonzalez-McQuire et al. for the preparation of CP-

coated human mesenchymal cells (MSCs) by addition of bio-functionalized HA colloids (Figure 3D). 

This led to the promotion of osteoblastic differentiation in the absence of growth factors, enhanced rates 

of gene transfection in osteosarcoma bone cells, as well as low, but promising, transfection efficiencies in 

primary bone marrow stromal cells. The coated cells remained viable as living biocomposites, wherein 

cell activity was effectively stimulated by the modular amalgamation of the composite, rather than by 

exogenous substrates or media. Besides, the flexibility of this approach promised for a simple 

methodology to control the development of multiple cell lineages from common precursors both ex vivo, 

while enhancing cryopreservation of the MSCs in vivo [121]. Similarly, Yang et al. showed that 100 nm 

DNA-loaded NPs could protect the DNA encapsulated inside from external DNase, and release the loaded 

DNA in a low-acid environment. Experiments in vitro confirmed an effective NPs transfection - both 

accelerating and promoting the odontogenic differentiation of rat dental pulp stem cells (when cultured in 

the 3D scaffolds). This phenomenon confirms that the plasmid DNA-loaded CP-NPs were an effective 

non-viral vector for gene delivery, and that they functioned well for odontogenic differentiation through 

BMP2 transfection [122]. Alternatively, a recent study revealed that 10% of iron (Fe) could be 

isomorphously doped into the HA nanoparticles, rendering a biomaterial with excellent antibacterial 

properties, enhanced biocompatibility, and bioactivity. This allows for a controlled and sustained drug 

release of the iron inclusion. In vitro investigations indicated the enhanced biocompatibility and 

strengthened ability to support cell adhesion and division of NPs. Hence, this Fe-doped HA holds an 

immense potential as a bone repair material for osteoporosis, where targeted delivery of calcium is 

required as a vehicle for site-specific drug delivery [123].  



Table 6. Different types of calcium-based nanotechnologies for treatment of bone tissue 

Type of 

Nanosystems 
Nanocarriers 

Drug loaded 

Main features 

Calcium-

based 

CP-coated human MSCs by addition of bio-

functionalized HAP colloids [121] 

Growth factors 

 Promotion of cell differentiation 

Plasmid DNA–loaded CP NPs [122] 

DNA 
 Gene delivery 

 Odontogenic differentiation 

HA crystal doped with 10% Fe [123] 

Iron 
 Controlled drug release 

 Antibacterial properties 

 Bioactivity 

 

4.4. Silica-based green nanotechnologies  

Silica-based ordered mesoporous materials have shown new properties as drug carriers, as well as in bone 

regeneration mechanism. These ordered materials can be loaded with various molecules that could be 

delivered in a controlled manner. Silica nanomaterials can react with the body fluids producing 

carbonated Nano apatite particles, which enable the regeneration of bone tissue [124–126].  

As an example, Mann et al. developed a multifunctional drug delivery system, based on the combination 

of an E‐selectin thioaptamer ligand (ESTA), conjugated to biocompatible porous silicon nanoparticles. 

This nanosystem was used in vitro as a delivery platform to provide imaging agents and growth factors, 

such as colony-stimulating factor (CSF), for the protection of bone marrow against chemotherapy and 

radiation [127]. Another example showed how ordered mesoporous silica was synthesized by a 

surfactant-assisted sol-gel process, with appropriate porosity, mineralization activity and 

adsorption/release of metronidazole. An antibiotic and antiprotozoal drug, metronidazole forms from 

mesoporous channels of silica, that were regulated using functional groups, chemically bonded with an 

outer silica surface. In vitro results confirmed the potential of the material as a drug carrier and bone 

substitute in bone disease.  [128]. Similarly, Yao et al. developed mesoporous silicate nanoparticles 

incorporated in a 3D nanofibrous gelatin scaffold for dual-delivery of BMP2 and deferoxamine (DFO) - a 

hypoxia-mimetic drug that can trigger angiogenesis for bone tissue applications. In vitro data indicated 



that the nanostructure had the ability to control dual-release of DFO and BMP2 at a distinct release rate, 

while maintaining their angiogenic and osteogenic abilities, respectively [129].  

 

Figure 3.(A) Synthesis of the acryloyl group-modified cholesterol-bearing pullulan (CHPOA) nanogel and 

chemical structure of the CHPOA nanogel and PEGSH and (B) Schematic representation of the FGF18- 

and BMP2-releasing from nanogels after the disintegration [110]; (C) Schematic illustration of synthesis 



procedure of 3D nanofibrous gelatin (GF) scaffold for dual-delivery of BMP2 and deferoxamine (DFO) 

using chitosan (CTS) and mesoporous silica nanoparticles (MSN) [129]; (D) Stem cell‐mediated 

osteogenesis in vitro, in addition to increased vascularization and bone repair by host cells in vivo, is 

enhanced using all systems while the use of the nanohydroxyapatite vector to deliver both genes 

markedly enhances bone healing [119]. CHPOA = Cholesteryl-group and acryloyl group-bearing 

pullulan; PEGSH = Poly(ethylene glycol) methyl ether thiol; BMP = Bone morphogenic protein; FGF = 

Fibroblast growth factor; MSN = Mesoporous silica 

 

 

4. Conclusion 

The effective diagnosis and treatment of osteogenic bone disorders require novel methodologies to solve 

some of its main challenges. Nanotechnology-based drug delivery systems have proven to play an 

important role in the future. Despite the recent advances in the application of NMs as drug delivery 

systems, several drawbacks arise in terms of the production of carriers and the application for successful 

targeting. Consequently, the application of the 12 principles of green chemistry to nanotechnology is 

presented as a novel solution to overcome the main challenges of the current biomedical applications of 

NMs. From the use of biomolecules and mineral materials to the application of proteins as drug delivery 

carriers, these natural materials offer the possibility of a brighter future for the treatment of osteogenic 

disorders. 

 

5. Expert Opinion 

This review article is made as an attempt to show the potential of Green Nanotechnology as a suitable tool 

to solve universal problems in the biomedical field of drug delivery processes, with a particular focus on 

the treatment of osteogenic disorders and other bone diseases. As a consequence, a set of unique inorganic 

and organic biomaterials is presented as building blocks for the generation of drug delivery systems. The 

advances and research presented in this article have an impact in the real-world in terms of effectiveness, 



economy and drug utilization, where green nanotechnological-based nanomaterials show relevant 

improvements compared to physiochemically-produced nanostructures.  

The use of organic biomolecules derived from natural sources, such as carbohydrates and proteins, offers 

the possibility to easily manipulate the features of the synthesized nanostructures, rendering different 

release profiles of the drugs, while achieving an easy and controlled targeting of the affected area. On the 

other hand, the employment of naturally existent elements in the human body with proliferative capability, 

such as CPs and silica, can be employed as tunable pieces for the production of suitable composites, and 

as platforms for the efficient drug delivery of molecules and drugs.  

Furthermore, one of the key components of the use of green nanotechnology is that these nanomaterials 

are produced through straightforward, cost-effective and environmentally-friendly approaches, avoiding 

the production of toxic by-products. Comparatively, the traditional synthesis of nanomaterials often 

employs harmful reagents, and its reaction conditions are far from standard conditions. In addition, and 

more importantly, the use of biomolecules as raw materials in the production of nanoscale drug delivery 

systems confer them with an enhanced biocompatibility, compared to traditionally-synthesized 

nanoformulations, which often requires extensive functionalization steps, in order to make them suitable 

to contact different biological tissues, with an increase of time and expenses to find a suitable drug 

delivery system.  

Despite of such enhancements in vitro, the successful applicability of the nanosystems finds clear 

challenges when applied in vivo, as it is inherent to other nanomaterials, especially in terms of an 

effective targeting and clearance from the organism. A main disadvantage in terms of the implementation 

into clinical and research practice of these green nanotechnological-based approaches is related to an 

extensive lack of knowledge (as it is common of a relatively novel field in terms of drug delivery 

applications for osteogenic disorders). In order to solve the aforementioned limitations, more research is 

needed, with a specialized aim in solving the heterogeneity of the production of these nanomaterials, 

which supposes a substantial weakness in the employment of biomolecules for the building of drug 



delivery systems. Different batches of the purification of these biomolecules unavoidably lead to different 

degrees of variations in terms of their chemical and physical features, hence rendering slightly different 

applicability. Therefore, more homogeneous purification techniques and methods to increase the purity of 

the raw materials, must be obtained before going deeper into the homogeneity of the applications. 

Subsequently, this limitation is delaying some of the hopeful (and much needed) advancements in the 

field.  

Nevertheless, research has shown a tremendous potential, due to the wide variety of natural biomolecules 

and structures available to use as raw materials for the synthesis of drug delivery systems. Furthermore, 

there is no need of extensively modified structures, as slightly different formulations are already available 

to be used in nature. Therefore, the ultimate goal of the field is to be able to find a suitable set of 

compounds that are both easily obtained, purified, and manipulated, and the ones which present constant 

features in their application as drug delivery systems for osteogenic disorders. Currently, a few of these 

formulations are already well-studied and applied, such as chitosan or gelatin, which allow for a 

successful implementation of drug delivery approaches through different available morphological systems, 

like films, membranes, sponges, or composites. Therefore, utilizing the strong base of such successful 

research, similar protocols have been used to standardize and establish other molecules as suitable drug 

delivery systems, which undoubtedly will have an impact in the treatment, diagnosis, and healing of 

different bone disorders.  

As a conclusion, there is a huge potential in the use of green nanotechnology as a tool to enhance the drug 

delivery of different molecules for the effective treatment of osteogenic disorders. However, more 

research has to be done in order to establish green-derived nanotechnologies as a biomedical tool in the 

field.  
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