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Abstract: Osteoporosis, osteoarthritis, and fractures are bone-related disorders that have a huge impact on the quality of life and 
healthcare systems worldwide. Traditional treatments, including bone grafts, have their limitations, with bone grafts often being 
rejected by the immune system and infected, making new treatments necessary. Nanopillars based on synthetic polymers have been 
demonstrated to be promising tools for bone regeneration and repair, showing to emulate the extracellular matrix composition, 
stimulate osteoblast activity and induce osteointegration. In this review, nanopillars fabrication techniques, such as electrospinning, 
nanoimprint lithography and self-assembly, also the state of the art of nanopillars technology are presented. Their role in modulating 
cellular responses via both physical and biochemical means, to enhance mineralization and to stabilize implants is also discussed. 
Additionally, their applications in treating bone-related disorders, eg promotion of fracture healing, augmentation of dental or 
orthopedic implants, and improvement of bone tissue engineering are discussed in the review. Using these focuses, each section 
examines opportunities and challenges (eg optimizing fabrication processes, improving biocompatibility, and investigating the 
integration of nanopillars with upcoming therapies like gene and stem cell therapy) for the potential of nanopillar technology. 
Finally, this review points out the requirement of scalable fabrication techniques, long term biocompatibility studies and multi-
functional therapeutic strategies to fully employ the therapeutic applications of nanopillars in clinical scenarios. This review seeks to 
consolidate current knowledge of synthetic polymer based nanopillars and identify future directions for their use in bone related 
disorders through a comprehensive synthetic polymer nanopillar review. 
Keywords: synthetic polymers, nanopillars, bone repair, osteoblast activity, osteointegration

Introduction
Bone diseases and disorders are formidable healthcare challenges, particularly in aging populations where life expectancy 
is increasing. Osteoporosis, osteoarthritis and fractures compromise individual health and impose major healthcare 
system burdens globally.1 About millions around the world suffer from osteoporosis - reduced bone density and increased 
risk of fracture - and osteoarthritis, which results in degeneration and pain of the joints.2 Furthermore, traumatic injuries 
and cancers like osteosarcoma contribute to this complexity. Bone tissue has a limited intrinsic regenerative capacity, 
requiring medical intervention for meaningful treatment.3

Traditional treatments for bone disorders almost exclusively involve the use of bone grafts, either autologous or 
synthetic.4 However, these methods are fraught with challenges including immune rejection, infection risk, and limited 
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availability of donor tissues. Hence, the limitations of conventional graft materials underscore the critical need for new 
therapeutic strategies to promote bone regeneration and repair.5 Recent advances in the field of nanotechnology have 
offered new and promising alternatives to the standard grafting material. In particular, nanofibrous scaffolds have been 
developed as a revolutionary tool in bone tissue engineering.6 Moreover, a growth factor such as bone morphogenetic 
protein 2 (BMP-2) when encapsulated in nanoparticles, its bioactivity shall be preserved and the release shall be 
controlled, providing facilitation to bone regenerative processes.7 Moreover, variously charged PEGylated lipid-PLGA 
nanoparticles have been synthesized for the encapsulation of the genetic material such as GapmeRs (the antisense 
oligonucleotides that cleave mRNA molecules bound to specific sequences thus effectively silencing gene expression in 
one-shot mode in numerous physiological settings including non-proliferating cells); which, after internalization by 
mesenchymal stem cells, might be helpful in gene therapy of systematic metabolic diseases namely osteoporosis.8 There 
are various diseases can cause bone related issues such as Paget’s disease of bone is increasingly abnormal remodeling of 
bone, causing structurally weak and deformed forces that break fractures with minimal force.9 However, rarely but bone 
cancers are a grave issue. The primary bone tumors like osteosarcoma and Ewing’s sarcoma are common in young people 
at their tender ages of adolescence. Secondary bone cancers or metastatic bone cancer is defined as the development of 
cancer originating in some other organ or tissue and spreads to the bones. All these condition demands early diagnosis 
and intervention in a bid to enhance the quality of life of patients.10

A genetic disorder of known as Osteogenesis imperfecta that is caused by bones breaking easily being due to the 
defect of the collagen matrix.11 Diabetes increases fracture risk due to impairment of bone quality and microarchitecture, 
even with normal bone density, people with diabetes present with a higher proportion of fractures.12 Furthermore, 
nutritional deficiencies, especially in calcium and vitamin D are major risk factors for poor bone health and increased 
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fracture rates.13 Moreover, chronic conditions that also appear to lead to an increased risk of fractures. One of the most 
notable is rheumatoid arthritis that causes chronic inflammation and bone loss due to corticosteroid use.14

Hence, autologous and synthetic bone graft materials have been used to treat bone diseases, although mixed with therapeutic 
molecules (drugs or proteins). Nonetheless, these efforts are intended to enhance clinic outcomes, and issues related to vector- 
borne infection, restricted access, replicability, limited number of donors, and immune rejection have emerged.7 These 
complications have stimulated the creation of nanomaterial carriers of therapeutic molecules, known as nanopillars, to cure 
diseased and damaged bone. Nanotechnology-based drug delivery strategies might revolutionize the care of bone-related 
diseases and dysfunctions including osteoarthritis, osteoporotic nonunion defects, bone cancers (both metastatic and primary) 
and myeloma associated bone diseases. Many nanotherapeutic strategies are able to alter or anti-targeting of endogenous 
osteoblasts and osteoclasts, and manage the periosteum of malignant and avascular bone tissue, through moderating the mobility, 
multiplication, and differentiation of cells that can support and enhance the regeneration procedure.15

These conditions can therefore entail disturbances of osteoblast activity and osteointegration, the two factors that are 
paramount to healthy bone mechanics. Osteoblasts are concerning the type of cells that are involved in the process of 
new bone formation. They are responsible for the formation and secretion of the bone matrix that is composed of 
collagen and other proteins and also, start the process of mineralization. Their activity is under the control of hormones, 
growth factors, and mechanical loads being directly involved with processes of bone maintenance, repair, and 
remodeling.16 Osteointegration is the process by which an implant or a graft fuses with the surrounding bone and 
achieves structural and functional integration. The process of osteointegration helps the implant to be stabilized on the 
bone and used for its intended purpose without the chance of failure.17 The osteogenic tissues of bone are very efficient in 
remodeling and repairing damaged bone tissues. Thus, in case of defect sizes above 5 cm various non-healing conditions 
(non-union fractures, tumor ablations, maxillofacial injuries, or degeneration), bones cannot repair and regenerate 
themselves and reconstructive and cellular methods are needed.18 Nanopillars capable of stimulating osteoblast activity 
and improving osteointegration of synthetic polymer-based material have also been evidenced in bone diseases. Research 
has shown that the functionalization of a surface with polymers including polylysine-modified polyethyleneimine (PEI- 
PLL)19 and plasma polymerized allylamine (PPAAm)20 enhance osteoblast adhesion, cell spreading, and proliferation 
activities. Further, the surface-modified polymeric micelles of the diblock copolymer for the delivery of osteogenic 
agents such as Naringin exhibit better osteogenic differentiation of stem cells.15 Developments in nanotechnology present 
a possible solution for inducing bone formation and treating musculoskeletal diseases through extended delivery of 
bioactive molecules to support the osteoblast and enhance the bonding between the material and bone tissue. This review 
aims to present the recent advancements and applications of synthetic polymer-based nanopillars for bone disease 
treatment, with their further applications in targeted drug delivery and tissue regeneration.

Overview of Nanopillars
Nanopillars are slender pillar-like structures and are in the nanoscale category with heights generally from a few 
nanometers to micrometers (Table 1). Owing to their small sizes and high surface area to volume ratio, nanopillars 
possess special characteristics like increased mechanical strength, better surface activity, and better reactivity than the 

Table 1 Key Parameters of Nanopillars and Their Effects on Cellular Response

Parameter Range/Shape Influence on Cellular Response References

Diameter 10–200 nm Smaller diameters promote osteoblast adhesion and proliferation. [97]

Height 100–500 nm Optimal height enhances mechanotransduction and osteogenic differentiation. [74,98]

Shape Cylindrical, Conical Cylindrical shapes improve protein adsorption; conical shapes aid cell spreading. [99]

Distribution Density Sparse vs Dense Dense distributions improve osteointegration; sparse distributions reduce steric 

hindrance.

[100]

Surface Roughness RMS: 50–70 nm Increases cell adhesion and differentiation by mimicking extracellular matrix (ECM). [101]
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basic building materials.21 Their surface chemistry and roughness can be predetermined and manipulated for use in the 
fields of material science, biology, and engineering due to fabrication methods.22 Thus, due to the flexibility in selecting 
the size, geometry, and material of nanopillars, the technology offers the prospects for creating new applications, 
including the improvement of cell adhesion for bone tissue formation,23 as illustrated in Figure 1.

Characteristics of Types of Nanopillars
Metallic nanopillars based on noble metals including gold, silver, platinum, and titanium are used in sensing, catalysis, 
electronics, and plasmonic.24 These metallic nanopillars can be integrated more effectively with bone tissue, improve 
cellular responses, and hasten the healing process into scaffolds or implants, making them useful instruments in orthopedic 
and regenerative medicine.25 Semiconducting nanopillars are bio-inspired structures that are made from materials such as 
silicon, GaAs, and InP and are used in solar photovoltaic systems, LED bulb transistors, and other electronic and photonic 
devices based on their electronic and optical properties that uniquely improve the performance of these devices.26 These 
semiconducting characteristics can further promote bone tissue regeneration and healing by inducing cellular responses via 
optical or electrical impulses. By increasing the efficacy of bone regeneration treatments, this novel strategy promises to 
open up new avenues for orthopedic and reconstructive surgery.27 Polymeric nanopillars; LA, PEG, and PS nanopillars are 
used in Drug delivery, Tissue engineering, and biosensing. They are preferred for their compatibility with living organisms, 

Figure 1 Schematically illustrate the unique benefits of nanopillars to bone disease therapy.
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mechanical versatility, and ability to be modified for specific uses.28 Titanium dioxide, zinc oxide, and alumina ceramic 
nanopillars are used in photocatalysis, sensors, and as bone substitutes due to their attributes such as hardness, heat 
resistance, and chemical stability. Requoted solid nanopillars are used in rebar structures, photonic devices, and large-scale 
nanotechnology investments, for their strength and stiffness.29 These properties make them highly beneficial for applica-
tions involving bone regeneration, chemical reaction catalysis, and environmental change detection.30 Medication delivery, 
vehicle parts, cartridges, and structural uses comprise hollow nanopillars which provide lightweight characteristics as well 
as possessing increased surface area and the ability to load material.31

Nanopillars with predominantly open structures for filtering, catalysis, and tissue engineering are characterized by 
greater contact area, increased diffusion rates, and molecular accommodation. Nanopillars, especially those made from 
noble metals such as gold and silver, hold enormous importance in application areas like SERS, and biosensing, highly 
regarded for their chemical stability, hardness, and resistance to heat qualities that are essential for developing successful 
bone substitutes.32 Metals, metal oxides, and composites of catalytic nanopillars are versatile in catalysis, environmental 
applications, and energy conversion. These are appreciated to have a high surface area that improves the catalytic 
properties as well as the stability at reaction conditions.33 Last, biocompatible Nano topographical structures such as 
nanopillars from polymers, ceramics, and bio-glass are used in tissue engineering scaffolds, bone replacement, and drug 
delivery with biocompatibility and cell growth and differentiation ability.34

Significance of Nanopillars to Bone Health
Nanopillars can enhance the biological issue of the implant through acceptance by the bone tissue. Thus, replicating the 
natural matrix of bone, nanopillars promote the adhesion and proliferation of osteoblasts and, in this way, increase the 
stability and integration of implants.35 It was established that the physical characteristics of nanopillars can control the 
activity of cells. For instance, nanopillars enhance the osteogenesis process by activating osteoblasts and their further 
differentiation occurs. It has thus been made possible to control the height and width of nanopillars that enhance the 
development and performance of bone-forming cells.36 Some nanopillar surfaces are developed for use with antimicro-
bial characteristics to minimize the chances of reinfection in the surgery areas. This is done in two ways; by adding 
antimicrobial agents, or by employing the surface treatment techniques that prevent bacteria from sticking to the 
surface.37 Some of the changes that are possible at the nano level can be used to improve the mechanical characteristics 
of bone scaffolds through the use of nanopillars. Due to better contact and mechanical interlocking.38 Due to their size, 
nanopillars can be designed to release drug compounds to the targeted bone tissue. This make it possible to treat bone 
diseases and to speed up the healing process by releasing drugs, growth factors, or other bioactive substances in 
a controlled way.39 Recent Progress in Nanopillar Technology for Bone Regeneration is presented in Table 2.

Table 2 Current Progress in Nanopillar Technology for Bone Regeneration

Area of Focus Recent Progress Key 
Studies

Nanopillar 
Materials

Development of bio-compatible synthetic polymers: Polycaprolactone (PCL), Polylactic Acid (PLA), and Poly 
(lactic-co-glycolic acid) (PLGA) with enhanced properties.

[91]

Fabrication 
Techniques

Advances in electrospinning, template-assisted methods, and nanoimprint lithography for precise control over 

nanopillar dimensions and structures.

[93,94]

Mechanisms of 
Action

Improved osteoblast adhesion, proliferation, and differentiation through topographical cues and 

mechanotransduction. Enhancements in protein adsorption and mineralization.

[95]

Clinical 
Applications

Promising results in treating bone disorders (osteoporosis, fractures) and enhancing dental and orthopedic 

implants.

[93,94]

Future 
Directions

Development of cost-effective, scalable fabrication methods. Long-term biocompatibility studies and integration 

with other therapies (gene therapy, stem cell therapy).

[91]

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S501963                                                                                                                                                                                                                                                                                                                                                                                                   2209

Liang et al

Powered by TCPDF (www.tcpdf.org)



Synthetic Polymers-Based Nanopillars
Synthetic polymers based nanopillars are nanoscale structures that have a form of pillar and are made from synthetic 
polymers. The examples of synthetic polymers include PCL, PLA, and PLGA because of their biocompatibility, tunable 
physical characteristics, and cell attachment and growth promoting features. These nanopillars can be fabricated using 
electrospinning, nanoimprint lithography and self-assembly and the structural parameters such as height, diameter, 
spacing and surface topography can be easily tailored.18

Types, Uses and Characteristics of Synthetic Polymers
Functional groups are active sites in all polymers and the type and number of functional groups in a polymer can be 
altered to get polymers with desired structures and properties. This allows for the desired and repeatable properties for 
specific uses and can be adjusted to do so as well. For example, the degradation rate of these polymers is dependent on its 
composition, degree of crystallinity and molecular weight. However, unlike the natural polymers synthetic polymers have 
relatively less bioactivity, cell recognizable sites and osteoconductivity.40 In this regard, several coatings applied on the 
surface of the scaffold including bioceramic particles, have been evaluated to improve the surface performance for bone 
tissue engineering. In synthetic polymers, aliphatic polyesters for example Poly(ε-caprolactone) (PCL), polylactide 
(PDLA, PLLA), Poly(lactide-co-glycolide) (PLGA) are preferable,40 some of which are illustrated in Figure 2.

Polycaprolactone (PCL)
Polycaprolactone (PCL) is member of the polyester family that is semi crystalline and biodegradable and has 
a degradation period ranging from three to four years thus appropriate for load bearing applications.41 The production 
of PCL/Hydroxyapatite enhances bioactivity, cell activity, and mineralization.42 For example, PCL/alginate scaffold 
composites have reported the improvement in the biological properties such as higher levels of osteogenic differentiation 
and calcium content.43 Likewise, the study also presents a bioactive baghdadite reinforcement in PCL nanocomposites 
that has improved mechanical characteristics, cell compatibility and bioactivity that can be used in bone repair. PCL 
based composites such as PCL/alginate and PCL/hydroxyapatite have higher degree of bioactivity in medical applica-
tions including improved cell adhesion, cell infiltration, osteogenic differentiation as well as mineralization.44

Polylactic Acid (PLA)
Polylactic Acid (PLA) is described for its cytocompatibility, thermal stability as well as non-toxic degradation products. 
The properties of the PLA can be altered by the isomers, the ratio as well as molecular weights. Physical – chemical 
properties of PLA have been enhanced through the addition of hydroxyapatite by.45 For instance, porous PLA/hydro-
xyapatite constructs fabricated by 3D bioprinting provide improvement on cell growth and osteo differentiation.46

Poly (Lactic-Co-Glycolic Acid)
Poly (lactic-co-glycolic acid) (PLGA), PLGA has a controllable degradation rate, the resulting scaffold has poor 
mechanical properties and osteoconductivity; thus, requiring the incorporation of materials such as hydroxyapatite. 
Leaching of particulates and formation of gases have been applied to enhance porosity and mechanical properties of 
PLGA-base scaffolds.47 Also, there have been improvements among PLGA scaffolds regarding its bioactivity and 
apposition to bone tissues by surface treatments such as oxygen plasma treatment and peptide immobilization.48

Biocompatibility and Biodegradability Considerations
There are extensive studies on biomedical applications of synthetic polymers in the field of bone regeneration and tissue 
engineering because of their properties and advantages. The manufacture of synthetic polymers is flexible concerning 
design since they allow for the exact form control in chemical composition, molecular weight and structure which makes 
it possible to produce polymers with specific properties and characteristics for certain uses.40

In biomedical application, aspects such as biocompatibility and biodegradation effects are critical in the construction 
and fabrication of Nanopillars. It is important to understand how graphene-based materials with cells, tissues, and organs 
in the biological system for proper application use in tissue engineering, biosensors, and drug delivery.49 Studies have 
demonstrated applications of biocompatible nanomaterials in numerous biomedical uses, but there are issues regarding 
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the stability, efficacy or toxicity; therefore, establishing the stability and effectiveness of nanomaterials is important in 
relation to the nanopillars.50 Moreover, suitability for recycling and biodegradability of biobased nanomaterials must be 
taken into consideration in order to decrease the utilization’s impact on the environment and increase the usage of 
renewable resources, as well as developing materials that can decompose into non-hazardous compounds.51

Incorporation of biocompatibility and biodegradable materials in designing nanopillars goes a long way in making the 
nanopillars safe in their use and effective in biomedical application while at the same time encouraging environmentally 
sound practices.51 Furthermore, it is known that synthetic polymers can include prospective coating characteristics for 
promoting cell behavior adhesion or bacterium resistance and, usually, it shows less immunogenicity compared to that of 

Figure 2 This figure provides an overview of nanopillar types and their application. Polymeric, biocompatible, metallic, ceramic, and semiconducting nanopillars with various 
materials, and their applications for drug delivery, tissue engineering, orthopedic implants, photovoltaics, and photocatalysis are depicted in this illustration.
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natural polymers.40 Synthetic polymers must be biocompatible and the parameters that affect biocompatibility includes; 
material chemical nature, which should be no cytotoxic and not elicit an inflammatory response.41 There can be used 
coatings or functionalization of the surface to raise the biocompatibility due to better adhesion of cells and anti- 
inflammatory effects. In addition, the chosen sterilization methods should have no ill effects on the polymer or generate 
any unhealthy byproducts.40

Factors Affecting Polymer Scaffold-Based Nanopillars Bone Regeneration
Many prior studies for osteoarthritis research were centered on controlling the differential of osteoblasts while not paying 
attention to the immune response however, traditional research on bone regeneration was focused on controlling the 
process through growth factors, cytokines, and hormones the recent studies have first tried to control the roles of 
mesenchymal stem cells (MSCs), neutrophils, and macrophages during the process of bone regeneration.52 Key factors to 
consider when developing polymer scaffolds based nanopillars to promote osteogenesis while mitigating the inflamma-
tory response include:

Scaffold Stiffness: Mechanical properties and particularly the stiffness of polymeric bone regeneration scaffolds is of 
significant importance as they directly affect the cell proliferation and migration, differentiation, changes in cell 
contractility and affect the fate of osteoprogenitor cells.53 Scaffold rigidity can also influence the rest of the host’s 
inflammatory reaction. Since the polarity of macrophages comes with a function, the stiffness of the scaffold can control 
the macrophage phenotype with respect to cytokine secretion, spread and cytoskeleton to either initiate inflammation or 
tissue repair. Friedemann et al identified that human macrophages differentiated to a non-inflammatory M2 phenotype 
when cultured on 3D collagen/GAGs scaffolds with different stiffness and reduced inflammatory cytokines like the IL-12 
and TNF-α and the M2 macrophages improved the anti-inflammatory cytokines like the IL-10.54

Surface Roughness: The M2 macrophage phenotype is usually associated with rough surface as is the neutrophil 
adhesion to surfaces. From this, it can be inferred that the nano- and microstructures from the typical quantitative 
characteristics of TiO2 nanopillar surface include the RMS roughness that was found to range from 50 nm to 70 nm.55,56 

TiO2 nanotubes (TNTs) are well known for their osteoinductive effects and bone formation by modulating osteogenic 
factor such as lncRNA RMRP and DLEU2 that cause changes in epigenetic regulation.48

Porosity and Pore Size: Pore size and porosity of the scaffold plays a crucial role in osteogenesis. For tissue 
formation, the mean pore size and porosity of scaffolds may slightly differ in certain applications depending on what is 
required. Scaffolds with pore size of 340–688 μm and 44–58% porosity or 75% to 45% are beneficial in bone cell 
adhesion and bone tissue engineering.57,58 The healing ability of the bone tissue has also been found to be improved by 
larger pore sizes in polymer scaffolds since the immune response will be minimized in such circumstances. Also, 
reflecting on pore size and porosity, oxygen availability within the scaffold is balanced while; low oxygen concentration 
is constructive for inflammation at the implantation site.59 Bone marrow derived macrophages exhibited greater M2 
phenotype by the stimulation with PPy-PDO nanofibers with larger pore size due to the increased expression of M2 
markers and reduced expression of M1 markers.60

Surface Charges: The polymer scaffolds surface charge directly dictates the nature of protein interaction which the 
host immune response will encounter. The study on macrophage activation also manifests that the hydrophilic anionic or 
neutral surfaces of the scaffold cause the production of IL-8, IL-6, IL-1β, and TNF-α that result in classical macrophage 
activation. On the other hand, hydrophilic cationic surfaces favour the other subtype of macrophage activation.61

Fabrication Techniques to Create Polymer-Based Nanopillars
Synthetic polymer-based nanopillars can be fabricated using various techniques, including electrospinning, nanoimprint 
lithography, and self-assembly. These methods allow precise control over the size, shape, and density of nanopillars, 
which are crucial for optimizing their interaction with osteoblasts and bone tissue.

Fabrication Methods
Electrospinning is an efficient and cost-effective technique for fabricating polymer-based nanofibers and nanopillars. In 
this process, the polymer solution or melt is subjected to a high-voltage electric field, and a thin jet is expelled which on 
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reaching a grounded collector forms nanofiber or nanopillars. Some benefits of the electrospinning technique include 
a high production rate, ease to implementation, and the formation of structures that are continuous in nature. However, it 
has some limitations including, the techniques cannot maintain the exact diameter and the alignment of the nanopillars.62 

Template-Assisted Method uses a ready-made template with nanopores or nanochannels through which the polymer is 
filled. Spin coating, dip coating or melt infiltration can be employed to deposit the polymer onto the substrate surface to 
create a thin film; the template subsequently can be removed in order to obtain the nanopillars. It provides better control 
of the size, shape and organization of the nanopillars at the benefit of the use of a template and involves extra procedures 
in the removal of the template.36 Methods of printing like electron beam lithography and nanoimprint lithography assist 
in creating nanopillar arrays with improved accuracy and uniformity of nanopillars. Electron-beam lithography enables 
one to write patterns of an electron beam onto a resist layer on a substrate and then etch. It offers high resolution and 
accuracy; however, it comes with high costs and can only handle a few samples at a time Although it can offer great 
resolution and accuracy it turns out to be very costly and has low throughput rates.63 Nanoimprint lithography, on the 
other hand, contains applying the patterned mold to a polymer-coated substrate followed by heating or UV radiation to 
solidify the polymer. This technique is fast and cheaper, and may be used in the production of similar items consecutively 
by just reproducing the last scan; nevertheless, this technique is only amenable to specific materials such as UV curable 
resin and thermoplastics to mention but a few.64 Self-Assembly is the process whereby the molecules self-assembling 
themselves in form of orderly nanopillars. Self-assembling materials such as block copolymers, and other similar 
materials can make well-ordered nanostructures by treatment with heat or solvent. The benefits of self-assembly are 
simplicity and scalability, but there are several downsides such as; the application of self-assembly does not offer 
enhancement of size and geometry of the nanopillars to the precise level as desired.65,66 Surface modification is another 
way of improving the properties of nanopillar through the following processes. Chemical functionalization is done to add 
other functional groups onto the nanopillars to enhance aspects like surface wettability, biocompatibility, and other 
receptor sites for biomolecule attachment. Some of the methods involved in chemical functionalization include plasma 
treatment, silanization, and polymer grafting which is used in cell adhesion, proliferation, and differentiation in tissue 
engineering.67 Surface modification by using bioactive molecules includes the applications of proteins, peptides, or 
growth factors on the localized area of the nanopillar to encourage certain biological activities. These are physical 
adsorption, covalent bonding, and layer-by-layer assembly among others and its uses include increased osteoconductivity, 
cell recognition, and bioactivity for bone tissue engineering.68

Fabrication Techniques for Plasmonic Nanopillars
Etching based on semiconductor fabrication processes includes dry etching and masking strategies such as electron beam 
lithography and microsphere lithography to fabricate Si, SiN, SiO2, and sapphire nanopillar arrays. The advantages of 
this technique include high resolution, repeatability in use, and the ability to work with difficult materials; disadvantages 
include restrictions in the aspect ratio and the dependence on the gases used for etching.69 Nanoimprinting replicates 
patterns from a mold directly to a polymer layer on the substrate with well-defined arrays of nanopillars, and the 
technique is highly reproducible.70 It costs comparatively less money, and one can process many parts at the same time 
but is limited by a choice of materials to be used and also the condition of the mold utilized. Techniques such as 
hydrothermal synthesis are used to synthesize nanopillar structures by growing nanoparticles on a substrate, where the 
advantage of nanopillar growth is the low production and high aspect ratio structures of the nanopillars, however, the 
technique is suffering from the disadvantage of low reproducibility and uniformity.71 Metal capping for plasmonic 
enhancement by coating multifunctional dielectric nanopillars with metallic layers to improve plasmonic properties to 
increase resolution and working distance for example in the sensing process. Examples of techniques for metal capping 
are thermal evaporation, electron beam evaporation, and sputtering mainly improve the optical characteristics and the 
sensitivity of sensors but these techniques add extra steps in the fabrication process and also the possibility of 
nonhomogeneous deposition of the metal.72 Thus, the fabrication techniques described for the creation of polymer- 
based nanopillars and the range of surface modification approaches allow for the optimization of the nanopillar properties 
for different applications within tissue engineering, sensing, and photonics to acquire the desired structural accuracy, 
functional capabilities, and boosted performance.
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Mechanisms of Osteoblast Stimulation by Nanopillars
Osteoblasts are involved in bone deposition and also in the bone remodeling process. Recent development in nanotech-
nology has illustrated that the topographical characteristics at the nanoscale for instance nanopillars are capable of 
modulating osteoblast activities.

Physical Mechanisms
The nanopillars give a tip height effect to the cells and guide cell behavior as they would be guided by the natural 
extracellular matrix.73 Different investigations have presented that geometric feature of nanopillars, including height, 
diameter, and space tremendously determine the behavior of various cell types embracing osteoblasts. Despite the question 
pointing at a height of about 100nm and a distance of 200nm as the most suitable for encouraging osteoblast adhesion and 
proliferation.19 The opportunity of direct contact between osteoblasts and the nanopillars result into mechano-transduction 
for the transformation of mechanical stimuli to bio-signals. This involves the activation of integrins which are membrane 
proteins that provide link between the extracellular matrix and the cytoskeleton. Thus, integrins, while bound to nanopillars, 
create clusters that activate schemes of intracellular signaling including the FAK pathway and help to reorganize the 
cytoskeleton and change the gene expression to declare differentiation into osteoblasts.74

Biochemical Mechanisms
It means that the structural properties of nanopillars on the nanoscale level can affect the process of proteins adsorption 
from the extracellular milieu. It is the phenomenon of selective protein adsorption that helps in increasing the bioactivity 
of the surface and allows the osteoblast to bind to it. Taking into account that fibronectin and vitronectin act as cell- 
adherent proteins and play a pivotal role in advertising osteoblast function these proteins residue on the surface of the 
material as nanopillars and augment osteoblast engagement.75 These nanopillars have also been proved to enhance the 
osteogenic gene expression. For instance, the genes containing the alkaline phosphatase (ALP), osteocalcin (OCN), and 
runt-related transcription factor 2 (RUNX2) these are vital in osteoblasts, show a higher expression when the cells are 
cultivated on the nanopillared surface than the flat surface. This genetic upregulation is essential in osteoblast differ-
entiation and mineralization event.75

Enhanced Mineralization
Nanopillars are sieved to improve not only cell adhesion and proliferation but also promote mineralization. The culture of 
osteoblasts on the materials with nanopillared surfaces promotes the increase of the amount of deposited calcium, which 
reflects the degree of bone formation. The deposition of those additional minerals can be due to physical structure of the 
surface and or biochemical signals of the nanopillars.23 Independent in-vitro studies have demonstrated that such 
nanostructures as nanopillars help bestow the cell with genes that assist in the creation of a bone like matrix. A well- 
organized pattern of nanopillars gives a template for the nucleation and subsequent growth of hydroxyapatite, which is 
the main mineral phase of the bone. This is important for fabrication of implants that are used in orthopaedic surgeries, 
and in the creation of scaffolds required for bone tissue engineering.39

Osteointegration Enhancement
On this aspect, the success of bone implants depends on the osteointegration process since it involves the development of 
a direct union between the implant and the neighboring bone matter. This process is critical in the stability and 
functionality of the implant. Recent progress in surface treatment such as the application of nanopillar has indicated 
that it can augment the degree of osteointegration. This article reflects the application of the osteointegration process in 
bone implants, the function of nanopillars in increase this process, and a comparison with other surface modifications.22

Importance of Osteointegration in Bone Implants
Osteointegration is a long-term procedure of bone implant that is used in dental implants, orthopedic devices and spinal 
implant. It ensures sufficient osteointegration offers bone-implant anchorage to bear load without hazarding implant 
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instability; a critical facet for loaded interfaces. Osteo integration helps in the off-loading of the mechanical loads, avoid 
implant failure and implant’s long-term stability.76

Role of Nanopillars in Enhancing Osteointegration
Nanopillars have emerged as a promising surface modification technique to enhance osteointegration. Their role includes: 
Nanopillars also imitate the ECM offering better adhesion and proliferation of the osteoblasts. This improved cell 
response is vital in the creation of a strong bond between the implant and the bone.73 Future aspects of nanopillars can 
mimic the topography of the existing pillars, and the physical features of the nanopillars themselves can lead to 
osteogenic differentiation due to integrin signaling pathway. This results in the activation of genes associated with 
osteogenic differentiation, including that of RUNX2, ALP and OCN genes which are requisite in bone development.74 

That is why nanopillared surfaces allow the formation of stronger mineralization, which is the basis of osteointegration. 
Cells seeded on nanopillared surfaces exhibit higher levels of calcium deposition and the creation of bone like matrix 
which is beneficial in fixing an implant,39 as illustrated in Figure 3.

The healing process of an implant system begins with blood forming a clot between the implant and bone. This clot is 
then transformed by phagocytic cells, peaking in activity between the 1st and 3rd days. Next, dense connective tissue 
forms a procallus, with mesenchymal cells differentiating into osteoblasts and fibroblasts, leading to callus formation and 
new bone development. As the bone matures, remodeling is stimulated by occlusal stresses, leading to the formation of 

Figure 3 Schematic representation to depict interactions of titanium-based nanopillars implant with biological environment. The figure illustrates the cellular and tissue level 
responses, including oxidation, hydroxide formation, and corrosion occurring on the surface of titanium and mineral ion incorporation. It illustrates the biochemistry of the 
cascade of reactions that occur during bone healing and regeneration, from the mitochondrial activity and cellular signaling to tissue trauma, and the intricate interaction 
between implant materials and host tissues.
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cortical bone along the implant surface. Once osseointegration is achieved, the implant is surrounded by cortical and 
spongy bone, and the cortical bone interface develops canaliculi, collagen bundles, and a glycoprotein layer, with 
Haversian bone organizing into osteons.77

In vivo and in vitro Studies on Osteointegration
In Vitro Studies: It holds a crucial position in the enhancement of knowledge regarding the implant biomaterials and 
their properties in contact with the bone tissue. New approaches have been suggested to mimic the osteointegration 
process by using human bone tissue and different types of implants such as titanium and copper pin.78 Changes to 
titanium implants like nanotubular surfaces and hydrogenation have been established to have higher Osteogenesis/ Osseo 
integration properties in both Vitro and in Vivo, highlighting the need to enhance implant surfaces to facilitate better bone 
integration.79 These advancements in in vitro models do not only contribute useful data to the understanding of 
osteointegration but also encourage further studies and development of effective implant designs that will have better 
chances of integrating with the osseous tissue, thereby increasing the efficiency and durability of orthopedic implants.78 

Various scientific papers proved that when the nanostructures are in the form of nanopillars then it has a favorable impact 
on the activation of osteoblasts.80 Cells cultivated on nanopillared surfaces display increased osteoblast-like cell 
adhesion, proliferation, and differentiation in comparison to cells grown on plain surfaces. Research has revealed that 
surface enhancements such as fabrication of nano/micro hierarchical structures through green etchants techniques such as 
sandblasting combined with acid etching, enhance osteoblast adhesion, growth and differentiation.81,82 Furthermore, the 
osteoblastic cells on different nanopatterned surfaces’ 3D nanomorphology has been studied in details and it was found 
that the surface topography plays a crucial role in the function of the cells.83

In Vivo Studies: Highly porous 3D-printed titanium implants were used in this study by Bondarenko et al, where the 
authors compared the osseointegration of plasma-coated and highly porous 3D-printed titanium implants in rat femurs 
and the authors indicated that the implantation of 3D-printed titanium Femur implants had enhanced osseointegration.84 

Almeida et al examined nanostructured hydroxyapatite coated implants in sheep and it was observed that the coated 
implants produced new bone formation more effectively than that of the acid-etched implant surfaces within 28 days.85 

Furthermore, Nan et al discussed the utilization of the dual-peptide functional coatings for the implants, and revealed that 
the antioxidant characteristics, the cell attachment, and osteogenic differentiation were then optimized for the 
osteointegration.86 For illustration, research with the aid of rodents also highlighted that the use of implants with 
nanopillared surfaces was more favorable to the rodents’ bone growth in implant stability than smooth implants. From 
these studies, it can be concluded that the use of nanopillars can improve the integration of implant in a living being.23

Comparison with Other Surface Modifications
While other surface features such as microtextured surfaces have been attempted for improving osteointegration, 
nanopillars take it further and provide a scale of topographical features that are closer to the nanoscale ECM. 
Generally, optimized nanopillars have exhibited better performance in the enhancement of osteoblast attachment and 
differentiation as opposed to microtexturing.87 Other surface treatments have been employed to enhance osteointegration 
and include; hydroxyapatite or titanium dioxide. Even though these coatings are able to improve bioactivity on the 
surface of a material, nanopillars supply complementary advantages by being able to alter cell response favorably 
through topographical signals.88 This combined technique may have better osteo integrate as compared to coatings 
alone.87 Another factor might be chemical modification like the coupling of osteogenic growth factors that improve 
osteointegration. These methods, however, are time-consuming and could prove to be expensive in the long run since 
they presuppose a number of procedures. Thus, nanopillars can be seen as being more practical and less expensive than 
the other topographies because they strictly rely on physical topography for cell behavior manipulation.39

New Trends in Orthopaedic Biomaterials
Thus, the creation of new stimulus-responsive biomaterials with readily alterable properties is highly attractive for the 
subject of tissue engineering and orthopaedic implantation. Typically used biomaterials still have a disadvantage because 
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it is impossible to control their biochemical and biophysical properties, which complicates their use in medicine. New 
generation ones are the bio-derived materials; porous structures; smart ones and 3-D implant ones.89

New material developments have been achieved by co-polymers of synthetic polymers and natural polymers; high 
biocompatibility, for example, silk, elastin, chitosan, collagen, and keratin with great mechanical characters such as 
polyethylene, polyester epoxy, and teflon, these biomaterials have simulated the living tissue for tissue engineering, cell- 
based transplantation and gene therapy In addition, intelligent nanomaterials such as nanoporous High surface loading because 
of a large surface area is possible; the nano-confined volumes control the protein dissolution rates. They enable easiness in the 
connection of bioactive molecules to implants where oxyilanes and phosphonates that act as intermediate linkers may not be 
required. Nanopores improve protein adsorption and promote cell adhesion so they can be utilized as bioactive coatings for 
different biomaterials. It has been demonstrated that various forms of porous metals are appropriate as orthopaedic structures, 
and are used as replacements for damaged bones due to similarities in nature to that of the bones.90

Applications in Bone-Related Disorders
Osteoporosis and Bone Fractures
New accomplishments have been achieved regarding the use of synthetic polymer-based nanopillars for the application in 
bone regeneration where osteoporosis and bone fractures are prevalent. Another type of nanostructure on the scaffolds and 
implants that proved to improve osteoblast functionality is the nanopillar. Increased proliferation and activity of osteoporosis 
also enables quicker and more effective repair of bone fractures and could help optimize the treatment of osteoporosis, thus 
positively impacting patient’s outcomes. Therefore, new cross-functional nanopillar technology allows creating biomimetic 
surfaces that better adhere to the newly formed bone tissue, thus improving the overall outcome of treatment.91

Dental Implants and Orthopedic Devices
Nano-pillars have also been used in dental implants and orthopedic devices and that nano-polymer based pillar structures 
enhanced implant load bearing capability and functioning. The principle of using nanopillars works well in improving the 
implant to bone contact that is fundamental in preventing implant failure. In this regard, nanopillars create a better, more 
stability-forming and integrating surface which essentially contributes to the long-time effectiveness of both dental and 
orthopedic implants. Health improvement of such implant systems safeguards remedy connected troubles with sturdiness 
and steadiness of the implant products, and thereby, refines the implant integration and therapy plan.92

Bone Tissue Engineering
The application of synthetic polymer based nanopillars in scaffold has been enhanced to great impact on the engineering 
of scaffold to support bone tissue regeneration. New bone growth is imprisoned on nanopillars which offer a favorable 
and appropriate setting for the cells that shape towards the formation of the natural extracellular matrix. Therefore, this 
study of nanopillar technology with synthetic polymers as a scaffold offers new possibilities concerning the treatment of 
advanced bone pathologies and the further enhancement of tissue engineering approaches. The integration of these 
technologies provides for the creation of optimally functional and tunable scaffolds, which creates the potential to 
progress the treatment in bone tissue engineering. These developments shall potentially provide better treatment to 
a number of bone related ailments with increased accuracy.93,94 A brief summary of all the studies covered in this review 
is presented in Table 3.

Future Directions
Advanced Fabrication Techniques
For further improvement of clinical applicability of synthetic polymer-based nanopillars, subsequent studies should focus 
on the techniques of fabrication that are affordable and favorable for mass production. Some of the commonly used 
fabrication techniques have definite drawbacks in terms of repeatability and resolution, especially when translating to 
large scale for clinical applications. New fabrication technologies which include additive manufacturing, micro manu-
facturing and advanced polymerization techniques, but a few would improve the potential to essentially fabricate and 
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integrate these nanopillars with uniform characteristics on an industrial scale. Further research should be devoted to the 
improvement of these techniques to provide high yield and quality at the same time. Higher fabrication efficiency will 
ensure the use of nanopillar technology in clinical practice since it may help change the management of diseases affecting 
the bone in the future.93,94

Long-Term Biocompatibility Studies
Knowledge of the chronic biocompatibility of synthetic polymer-based nanopillars is highly important for the application 
of nanopillars in clinical practice. Only the short-term in vitro and in vivo studies are performed to show some positive 
effect; however, to determine the long-term effect of these materials on the surrounding tissues they have to perform 
long-term in vivo studies. Safety assessment research should assess harmlessness in terms of inflammation, cell toxicity, 
and immunogenicity, among other effects, for longer periods. These studies shall be very useful in establishing the safety 
and viability of nanopillars within the human body and adverse effects of the same on the patients shall be looked into to 
avoid their occurrence. More such research shall be crucial when seeking to get the required permissions from the 
regulatory authorities besides easing the nanopillar technology transition from preclinical stages to clinical use.95

Table 3 Details of Key Studies Covered in the Review

Focus Methods Findings Relevance Study

Osteoblast activity 
and bone 

regeneration

In vivo and in vitro 
experiments on 

nanopillar scaffolds

Demonstrated enhanced osteoblast 
proliferation and bone formation with 

nanopillar scaffolds.

Supports the use of nanopillars for 
effective bone regeneration.

[91]

Nanopillar materials 

and mechanical 

properties

Comparative analysis of 

different synthetic 

polymers

PCL combined with other materials 

showed improved mechanical properties 

and biocompatibility.

Highlights the benefits of polymer 

blends in enhancing nanopillar 

performance.

[94,102]

Fabrication 
techniques for 

nanopillars

Electrospinning and self- 
assembly methods

Achieved precise control over nanopillar 
dimensions and structures.

Provides insight into advanced 
fabrication techniques for nanopillars.

[103]

Osteointegration 

and surface 

modifications

Surface modification and 

mechanical testing

Nanopillars improved osteointegration and 

bone matrix formation.

Validates nanopillars’ effectiveness in 

enhancing implant stability.

[93,94]

Mechanisms of 

osteoblast 
stimulation

In vitro cell assays and 

biochemical analysis

Nanopillars enhanced osteoblast adhesion, 

signaling, and mineralization.

Demonstrates the mechanisms by 

which nanopillars influence 
osteoblast behavior.

[95]

Dental and 
orthopedic implants

Clinical trials and 
mechanical evaluations

Nanopillars improved implant stability and 
function, reducing failure rates.

Shows the clinical benefits of 
nanopillar technology in dental and 

orthopedic applications.

[95]

Osteointegration 

and nanopillar 

functionality

Comparative studies of 

nanopillars and other 

modifications

Enhanced cell adhesion and proliferation 

with nanopillars compared to other 

surface modifications.

Supports the use of nanopillars for 

improved osteointegration and 

implant success.

[92]

Integration of 

nanopillars with 
other therapies

Combined therapies 

including nanopillars

Synergistic effects observed with 

combined gene therapy and nanopillars for 
bone regeneration.

Explores the potential of integrating 

nanopillars with other therapeutic 
approaches.

[94,102]

Long-term 
biocompatibility and 

clinical outcomes

Long-term animal 
studies and clinical trials

Positive long-term biocompatibility with no 
adverse effects; improved clinical 

outcomes.

Provides data on the safety and 
effectiveness of nanopillars in long- 

term applications.

[93,94]
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Integration with Other Therapies
Another line of further research is based on the concept of interaction between synthetic polymer-based nanopillars and 
other types of therapies. Combining or incorporating the nanopillars with gene therapy, stem cell therapy, or growth 
factor delivery might improve these nanostructures’ efficacy in addressing bone pathologies. For example, nanopillars 
might be filled with genes or proteins promoting bone tissue regeneration or changing cellular microenvironment to 
promote healing. Further studies should be conducted on the synergy of the combined treatment regimen to take 
advantage of each part’s capacity to enhance the others. Knowing how nanopillars could be integrated with other 
techniques, leading to better results of the patients, would be a key factor in the formulation of more rounded solutions.96

Conclusion
Nanopillars have started to be explored as a transformative approach in regenerative medicine for the treatment of bone- 
related disorders. This review has emphasized that synthetic polymer-based nanopillars can enhance osteointegration, 
drive osteoblast proliferation, and deliver drugs specifically to a localized area. Tackling the limitations of traditional 
bone grafts that suffer from immune rejection, widespread infection, and other shortcomings, these innovations are 
especially important. While these are important advances, there are some gaps in the field. Currently, research in this area 
has been largely limited to only a few polymeric materials; an exploration of different materials, such as metallic and 
ceramic nanopillars, is also needed. Moreover, fabrication techniques have progressed, still requiring more scalable 
methods to achieve reproducibility and retain the integrity of functional nanopillars. Long-term biocompatibility studies 
are also necessary to fully understand the interactions of these materials with the biological system following longer 
periods of contact. Future research should look ahead at the development of multifunctional systems of nanopillars which 
can include a combination of therapeutic agents with some cellular responses, that possess the potential to induce bone 
regeneration. Further augmenting their clinical utility is possible by investigating combinations of nanopillars with 
emerging therapies such as gene therapy and stem cell treatments. Additionally, it is expected wider scope of materials 
used for the fabrication of nanopillars will result in an improvement of their mechanical properties and a favorable 
interaction with bone tissue.

Summary
Nanopillars that are in synthetic polymers also reveal itself as a viable solution to bone-related diseases like osteoporosis 
and osteoarthritis. Though these disorders are common in the elderly, they are usually a problem for traditional 
procedures like bone grafts because of the possibility of infection and allergy to the body’s immune system. 
Nanotechnology as an approach to the development of pharmaceuticals and regenerative medicine: nanopillars. 
Current fabrication techniques are used to create nanopillar like synthetic polymers including polycaprolactone (PCL), 
polylactic acid (PLA) and poly (lactic-co-glycolic acid) (PLGA). Shaped structures that enhance bone regeneration by 
sustaining the extracellular matrix and stimulating osteoblast. It promotes cell attachment and spreading, cells growth and 
differentiation, as well as effects on osteogenic gene expression. This results in the development of strong, dense bone 
structures that can thus effectively interact with implant structures. Some of the methods that are used to fabricate 
nanopillars include electrospinning, which enables very high accuracy and nanoimprint lithography which is inexpensive 
and mass producible. Self-assembly has advantages from the point of view of simplicity but such structures cannot be 
controlled with high accuracy. These are made more effective with additional approaches like chemical modification on 
the surface and deposition of biochemical coatings. It is evident that nanopillars affect osteoblasts both mechanically and 
chemically. In a physical manner they give signals that resemble the extracellular matrix on which cells can attach and 
proliferate. Osteocytes residing in these structures come into contact with osteoblasts and signals through integrin that 
adapts the mechanical signals to biochemical counterparts. On a biochemical level, nanopillars alter protein adsorption; 
the available space rises, and osteoblast adhesion is aided. They also increase the extent of osteogenic genes responsible 
for cell differentiation as well as mineralization. Higher amounts of calcium and formation of a hare like bone structure 
add to the concept of using nanopillars in tissue engineering. Therefore, osteointegration, which is the connection of the 
implants with the bone, is important in differential of various medical devices. However, some limitations are there, such 
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as high production costs and the long-time biocompatibility testing needed to overcome. For future studies, fabrication 
methods for nanopillars have to be optimized for uniform and reproducible large-scale production; biocompatibility 
issues should be investigated over the long term and attempts should be made to develop multifunctional therapeutic 
strategies potentially in conjunction with gene or stem cell therapy. Such molecular progresses, thus, are essential for 
escalating nanopillar development from invasive research to actual practice, improving the methods of bones healing and 
treatment of bone-originated diseases.
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