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Abstract 

Nanotechnology is revolutionizing biomedicine by providing innovative solutions for diagnostics, 

therapeutics, and regenerative medicine. At the nano-bio interface, advancements such as 

quantum dots and magnetic nanoparticles enable early disease detection and precise molecular 

imaging. Nanoparticle-based drug delivery systems enhance treatment efficacy while minimizing 

side effects, and Nano scaffolds in regenerative medicine facilitate tissue repair. Despite its 

transformative potential, challenges like biocompatibility, regulatory hurdles, and scalability 

remain barriers to clinical translation. This review highlights recent breakthroughs, addresses 

current limitations, and explores future directions, including multifunctional nanoparticles and 

AI integration for personalized medicine. Nanotechnology promises a paradigm shift in 

healthcare, improving diagnosis and treatment outcomes. 

Keywords: nanotechnology, drug delivery, diagnostics, regenerative medicine, healthcare 

innovation 

1. Introduction to Nano-Bio Interfaces 
The rapid advancement of nanotechnology has fostered a 

unique convergence with biological sciences, resulting in a 

novel area known as the Nano-bio interface. This interface 

explores interactions between nanomaterials and biological 

systems, leading to innovative applications in areas such as 

targeted drug delivery, disease diagnostics, and regenerative 

medicine. Understanding these interactions is essential for 

developing biocompatible and effective nanomaterials that 

can perform specific functions within living organisms. The 

Nano–bio interface refers to the physical interface between 

the biological system and nanoscale surface topography, 

functioning as the barrier between two phases where critical 

reactions occur [1]. Historically, the integration of 

nanotechnology in biological contexts began with applications 

like drug carriers and biosensors, evolving quickly as 

nanomaterials were found to offer precise control over 

physical, chemical, and biological properties [2]. By tailoring 

factors such as nanoparticle size, surface charge, and 

functionalization, scientists have been able to create materials 

that interact with biological systems in predictable and 

beneficial ways [ 3].  
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Figure 1: Nanomaterials of multiple dimension scales are 

shown as the four building blocks for functional bio integrated 

devices. Representative examples of nanoparticles [4]. 

Importance and Applications 

The potential of Nano-bio interfaces is vast, spanning 

disciplines from medicine and environmental science to 

industrial biotechnology. These interfaces allow for enhanced 

cellular uptake of therapeutics, real-time molecular imaging, 

and even the development of nanoscale machines that operate 

within biological systems. Recent studies have shown the 

potential for nanoparticles to perform as targeted drug 

carriers, reducing side effects by localizing therapeutic action 

to specific cell types [5]. Moreover, advances in bio imaging 

technologies, including quantum dots and magnetic 

nanoparticles, have revolutionized how biological processes 

can be visualized with high resolution [6]. Those intelligent 

materials, therefore, open up possibilities for special medical 

management to prevent, diagnose, and treat different diseases, 

including malignancy, bacterial infections, and so forth With 

desirable specificity and robust efficacy, these ENMs serve as 

drug themselves or as drug carriers to deliver one or more 

drug molecules to the target lesion sites and cure them 

efficiently. So far, thousands of nanomedicines have received 

approval for clinical applications, including liposomes, 

polymeric micelles, and albumin nanoparticles [7]. 

 

Figure 2: Biomedical applications of functional bio 

integrated devices at Nano–bio interfaces[8]. 

With the increasingly extensive application of nanotechnology 

in biomedical scenarios, the corresponding Nano–bio 

interfaces are also in the spotlight. At the nano–bio interfaces, 

nanomaterial interact with biological entities at multiple levels 

(e.g., proteins, DNA, membranes, organelles, cells, tissues, 

and organs) through a series of dynamic bio-physicochemical 

interactions, which can be modulated through the 

programming of various nanomaterials properties, such as 

surface chemistry, size, shape, dimension scale and 

topographic structures.  It is therefore crucial in the study of 

Nano–bio interfaces to control the surface chemical and 

physical properties, as well as functionalities of 

nanomaterials, in order to modulate their interfacial 

interactions with bio entities [9]. 

 

 
Figure 3: Schematic diagram explaining the 

interdisciplinary industrial applications of Nano 

biomaterials [10]. 

2. Fundamentals of Nano-Bio 

Interactions 
2.1 Surface Chemistry and Properties of 

Nanomaterials 

One of the core aspects of Nano-bio interactions is the surface 

chemistry of nanomaterials. Nanoparticles can be engineered 

to exhibit particular surface characteristics, such as charge, 

hydrophilicity, or specific functional groups, which 

significantly impact their behavior in biological systems. 

Surface charge, for example, influences cellular uptake and 

interactions with cellular membranes. Positively charged 

nanoparticles generally exhibit higher uptake due to 

electrostatic attraction with negatively charged cell 

membranes, though this can also induce toxicity [11]. 

 

Figure 4: Various types of nanoparticles. Intracellular 

application of NPs designed using different material 

composition based on the classes and functionality of NPs, 

shape, size and targeting ligands [12] 

The nanomaterials and nanotechnologies have attracted 

tremendous attention in researches because of their 

outstanding physical, chemical, and biological properties. 

When the size of materials is reduced to Nano range (<100 

nm) at least in one dimension, their properties change 

significantly from those at a larger scale. Exceptionally high 

surface area to volume ratio and the possible appearance of 

quantum effects at the nanoscale are the key features 

of nanomaterials and have a dramatic effect on their properties 
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[13]. he cells regarded as the basic unit of life, are the building 

blocks of living organisms with a typical size of 10 μm.  

Nanoparticles’ properties make them appropriate applicants 

for technical applications in biosensors, humidity sensors, 

photocatalysis, magnets, drug delivery, magnetic 

refrigeration, magnetic liquids, photoluminescence, 

microwave absorbents, ceramic pigments, gas sensing, 

corrosion protection, water decontamination, antimicrobial 

agents, biomedicine, and catalysis [13]. 

 

Figure 5: Chemistry of surface modification of 

nanoparticles [14] 

The hydrophilicity or hydrophobicity of nanoparticles also 

determines their biodistribution and stability. Hydrophobic 

nanoparticles are more likely to aggregate and become 

trapped within tissues, while hydrophilic nanoparticles are 

more readily circulated in biological fluids. Functionalization 

of nanomaterials with molecules like polyethylene glycol 

(PEG) enhances biocompatibility by reducing immune 

recognition, extending circulation time in the bloodstream 

[15] 

 

Figure 6: Structure of various nanoparticles [16] 

2.2 Biological Response to Nanomaterials: Protein 

Corona Formation and Immune Response 

When nanoparticles enter a biological system, they are 

immediately coated with a layer of proteins known as the 

"protein corona." This layer, composed of blood plasma 

proteins, defines the "biological identity" of the nanoparticle 

and influences how it is recognized by cells [17]. The 

formation of a protein corona can impact the particle’s 

cellular uptake, biodistribution, and overall biological 

function. Studies have shown that the composition of the 

protein corona varies depending on nanoparticle size, surface 

characteristics, and the biological environment [18]. 

The protein corona has been recognized as a dynamic entity 

that evolves as proteins continuously adsorb on the NP 

surface, desorb, and are replaced by other proteins. It is well 

known that the surface of ENMs is covered by a layer of 

tightly adsorbed proteins, the so-called hard corona. Strong 

biding affinity, long residence time, slow exchange time, and 

high conformational changes are some of the most important 

characteristics of this layer. Some models suggest that on top 

of this hard corona, a so-called soft corona may exist, which 

consists of a more loosely associated and rapidly exchanging 

layer of biomolecules with a low degree of conformational 

changes [19]. 

 

Figure 7: The engineered nanomaterial protein (top) and 

environmental (bottom) corona. HE = hemicellulose; 

Cl = cellulose; TA = tannic acid; LI = lignin; 

EPS = exopolymeric substances; HA = humic acid [20] 

Nanoparticles (NPs) specifically decorated with targeting 

moieties such as immune system activating proteins can serve 

to modulate the immune system and catalyse the design of 

new therapeutics. Proteomics analyses of protein coronas of 

various NPs (for example, sensor array) provide a unique 

opportunity for identification of novel biomolecular patterns 

with disease detection capacity. The eco-corona forms when 

NPs enter ecological environments, resulting in spontaneous 

protein adsorption from ecological sources [21]. 

Nanoparticles are usually employed as carriers of therapeutic 

agents (e.g. anticancer drugs) and surface functionalized to 

promote favorable interactions with target cells. When 

nanoparticles are administered in vivo, they get covered by a 

protein corona that activates the immune response and 

influences the targeted delivery of Nano medicine [22]. 

 

Figure 8: Impact of the protein corona on nanomaterial 

immune response and targeting ability 

The protein corona also plays a role in the immune response. 

Nanoparticles with a protein corona that resembles "self" 
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proteins may evade immune detection, while those with 

"foreign" proteins may trigger immune responses, leading to 

inflammation or cytotoxicity. Understanding the mechanisms 

of protein corona formation is essential for designing 

nanoparticles with optimized biocompatibility and functional 

properties.The protein corona activates immune response and 

influences the targeted delivery of nanomaterials. 

Furthermore, we comment on emerging strategies to 

manipulate protein binding in order to promote formation of 

designer artificial coronas and achieve a desired therapeutic 

outcome. We conclude by debating challenges that must be 

overcome to obtain widespread clinical adoption of 

nanomaterials [23] . 

 

Figure 9: New emerging technologies offered by the 

protein corona [24] . 

2.3 Key Parameters Influencing Nano-Bio 

Interactions 

Several key parameters govern how nanomaterials interact 

with biological systems, including size, shape, surface charge, 

and functional modifications. Nanoparticle size is particularly 

critical, as it influences circulation time, cellular uptake, and 

biodistribution. Smaller nanoparticles generally penetrate cells 

more readily than larger ones, which may be cleared by the 

body more quickly through macrophage uptake [25] . The 

shape of nanoparticles also affects cellular interactions. For 

example, rod-shaped nanoparticles have shown higher uptake 

rates in certain cancer cells compared to spherical 

nanoparticles, potentially due to differences in membrane 

wrapping dynamics [26] . Surface modifications, such as 

attaching targeting ligands, further allow nanoparticles to 

interact selectively with specific cell types or tissues, 

improving the efficacy of drug delivery systems [27] . 

 

Figure 10: The 3 sides of the bio–nano interface triangle. 

The main parameters governing the interface are surface, 

medium characteristics, and biological factors. 

NM = nanomaterial; NOM = natural organic matter [28] . 

These 3 general parameters are important in the fate, 

transport, behavior, and bioavailability of ENMs in the 

environment, but the last one (adsorption of organic 

molecules on their surfaces) is critical when ENMs approach 

biological surfaces. The formation of an external so-called 

biolayer in the extracellular environment has been shown to 

alter NP size, shape, and surface properties, creating a 

biological identity that is distinct from its initial synthetic 

identity. Therefore, how ENMs interact with different cells 

and organisms depends on the substances attached to their 

surface. Recently, the interaction between ENMs and 

biomolecules has been extensively studied in biomedicine 

[29] . 

3. Nanotechnology in Drug Delivery 

Systems 
The integration of nanotechnology into drug delivery has led 

to significant advancements in the precision and efficacy of 

treatments across various diseases. Nanoparticles and other 

nanoscale carriers enable targeted delivery of therapeutic 

agents, minimizing systemic side effects and enhancing drug 

bioavailability. This section explores key mechanisms of 

nanotechnology-based drug delivery, the types of nanocarriers 

utilized, and the challenges associated with translating these 

technologies into clinical practice. Nanotechnology has finally 

and firmly emerged as the realm of drug delivery. 

Performances of intelligent drug delivery systems are 

continuously improved with the purpose to maximize 

therapeutic activity and to minimize undesirable side effects. 

Recent advances in material design and the emergence of new 

therapeutics are contributing to the development of more 

sophisticated systems.  

 

Figure 11: Mechanism of nanocarriers for targeted drug 

delivery [30] . 

3.1 Targeted Drug Delivery Using Nanoparticles: 

Mechanisms and Advances 

One of the primary advantages of nanotechnology in drug 

delivery is the ability to design nanoparticles for targeted 

delivery. Targeted drug delivery mechanisms can be classified 

as either passive or active. Passive targeting relies on the 

enhanced permeability and retention (EPR) effect, a 

phenomenon where nanoparticles accumulate in tumor tissues 

due to leaky vasculature and poor lymphatic drainage. This 

effect has been widely exploited in cancer therapy, where 

nanoparticle-based formulations preferentially accumulate in 

tumors, enhancing therapeutic efficacy and reducing side 
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effects [31] .The selection of nanosized drug delivery 

systems is very wide, containing pure solid 

drug nanoparticles and very sophisticated and complex 

engineered nanomachines. The research in the field of 

drug Nano carriers is very intensive. the importance of 

understanding the properties of biological membranes, their 

impact on permeation, and, most importantly, the need for 

thorough understanding of the physicochemical properties and 

the related interactions of the drug nanocarriers with the 

biological membranes [32] .  

 

Figure 12: Delivery mechanism of Nano sized drug [33] . 

Active targeting, on the other hand, involves functionalizing 

the nanoparticle surface with ligands, such as antibodies, 

peptides, or small molecules that bind specifically to receptors 

overexpressed on target cells. This strategy enhances cellular 

uptake and improves the specificity of drug delivery to 

diseased tissues, including tumors and inflamed sites [34] . 

Ligand-mediated targeting has shown promise in improving 

outcomes in cancer treatment by directing nanoparticles to 

cancer cells while sparing normal tissues. Nanotechnology has 

been extensively studied and exploited for cancer treatment as 

nanoparticles can play a significant role as a drug delivery 

system. Compared to conventional drugs, nanoparticle-based 

drug delivery has specific advantages, such as improved 

stability and biocompatibility, enhanced permeability and 

retention effect, and precise targeting. The application and 

development of hybrid nanoparticles, which incorporates the 

combined properties of different nanoparticles, has led this 

type of drug-carrier system to the next level. Nanoparticles 

targeting these mechanisms can lead to an improvement in the 

reversal of multidrug resistance. Furthermore, as more tumor 

drug resistance mechanisms are revealed, nanoparticles are 

increasingly being developed to target these mechanisms. 

Moreover, scientists have recently started to investigate the 

role of nanoparticles in immunotherapy, which plays a more 

important role in cancer treatment [35] . 

 

Figure 13. Passive and active targeting of NPs to cancer 

cells [36] . 

3.2 Types of Nanocarriers: Liposomes, Dendrimers, 

and Polymer-Based Nanoparticles 

Various types of nanocarriers have been developed to deliver 

drugs more effectively, each with unique structures and 

benefits. Liposomes are spherical vesicles with a lipid bilayer 

that encapsulates drugs, improving their stability and 

bioavailability. Liposomal formulations, such as Doxil® 

(doxorubicin-loaded liposomes), have shown considerable 

success in treating cancer by prolonging circulation time and 

reducing cardiotoxicity associated with doxorubicin [37] . 

Dendrimers are another class of nanocarriers, characterized by 

their branched, tree-like structure that provides numerous sites 

for drug attachment and functionalization. These highly 

ordered nanostructures facilitate controlled drug release and 

enable multivalent interactions with target cells, improving 

therapeutic efficacy [38] . Polymer-based nanoparticles, 

including those made from biodegradable polymers like 

PLGA (poly(lactic-co-glycolic acid)), have gained popularity 

due to their controlled release profiles and biocompatibility. 

PLGA nanoparticles have been used in various applications, 

from anticancer drug delivery to vaccines, due to their ability 

to degrade into non-toxic byproducts in the body [39] .  

 

Figure 14: Different types of Nanocarriers [40] . 

Liposomes  

Lipid-based nanocarriers have emerged as a very promising, 

emerging, and rapidly developing tool for the delivery of 

various drugs with low solubility, bioavailability, and stability 

in recent decades . Lipid nanocarriers allow the therapeutic 

load to be directed to the deep layers of the skin or even reach 

the blood circulation, making them a promising cutting-edge 

technology. Lipid nanocarriers refer to a large panel of drug 

delivery systems.  Lipid vesicles are the most conventional, 

and they are known to be capable of transporting lipophilic 

and hydrophilic active agents [41]. Others are designed with 

the objective of achieving a higher encapsulation rate and 

greater stability, such as solid lipid nanoparticles and 

nanostructured lipid nanocarriers  The formulation of a 

liposomal drug improves the biodistribution and 

pharmacokinetics of a drug. This means that a higher 
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concentration of the drug can be achieved within the tumors, 

while reducing the concentration of the drug in normal tissue. 

 

Figure 15: Structure of liposomes and their 

functionalization with other biomolecules, drugs, or 

antibodies [42] . 

Polymeric nanocarriers 

Polymeric nanocarriers are synthesized from different types of 

natural and synthetic polymers that generally have good 

biocompatibility and biodegradability .The advantages of 

these polymer nanomaterials compared to other nanocarriers 

include stability in various microenvironments, slow release 

of drugs due to polymer degradation, and their diversity in the 

types of polymers and types of drugs to be encapsulated The 

hydrophobicity and hydrophilicity within the polymer 

structure can be controlled to suit a variety of drug molecules. 

Commonly used natural polymers include gelatin, dextran, 

albumin, chitosan, and alginate, and synthetic biodegradable 

polymers include polylactic acid (PLA), polyglycolic acid 

(PGA), copolymer of lactic acid and glycolic acid (PLGA), 

poly (ε-caprolactone) (PCL), polyalkylcyanoacrylate (PACA), 

poly (ethylene glycol) (PEG), poly (D,L-lactide-co-glycolide) 

(PLG), polyethyleneimine (PEI), poly (L-lysine), poly (Tian 

Particular acid), and others [43] . 

 

Figure 16: Organic nanoparticles and their complexes [44] 

. 

Inorganic Nanoparticles 

Among the nanocarriers that are being developed for the 

diagnosis and treatment of cancer are inorganic nanoparticles, 

which may consist of iron oxide, silica, gold, and graphene, 

among other compounds There is greater difficulty in 

translating these types of nanomaterials (NMs) to clinical 

application, due to their lower biocompatibility and the lack of 

understanding of possible complications caused by their 

deposition in different organs, such as greater stability, less 

hydrophobicity, and non-microbial storage. Despite these 

difficulties, the physical properties attributed to the 

constituent materials of inorganic nanoparticles make it 

possible to apply them in a variety of processes, for 

example, magnetic nanoparticles can be used for magnetic 

resonance imaging (MRI) or with magnetic targeting, while 

gold and silver NM can be used for imaging or heating during 

targeted treatment [45] . 

3.3 Challenges and Regulatory Considerations for 

Clinical Applications 

Despite the promise of nanotechnology-based drug delivery 

systems, there are significant challenges to their clinical 

translation. One of the major hurdles is the potential for 

nanoparticle toxicity, as some nanomaterials can induce 

immune responses, causing adverse effects. Understanding 

and mitigating nanotoxicity are essential for the safe 

development of these technologies, and extensive preclinical 

studies are required to assess the safety profile of each new 

nanoparticle formulation [46] . 

Regulatory challenges also play a critical role. Nanoparticles 

often exhibit unique interactions within biological systems, 

complicating the standardization of safety protocols and 

quality control measures. Regulatory agencies, including the 

FDA and EMA, have established guidelines for assessing 

nanomaterial-based therapeutics, yet inconsistencies in 

regulatory frameworks across countries can pose additional 

barriers to commercialization [47] . Additionally, the 

scalability and reproducibility of nanoparticle synthesis 

remain technical challenges that need to be addressed to meet 

industrial and clinical demands. 

4. Nanotechnology in Diagnostics and 

Bioimaging 
The application of nanotechnology in diagnostics and 

bioimaging has transformed how diseases are detected and 

monitored, allowing for early diagnosis and personalized 

treatment strategies. Nanoparticles enhance imaging 

modalities, such as magnetic resonance imaging (MRI), 

computed tomography (CT), and optical imaging, by 

improving contrast, resolution, and specificity. This section 

delves into key nanoparticle-based imaging agents and 

discusses their role in disease diagnostics, focusing on cancer, 

cardiovascular diseases, and neurodegenerative disorders. 

 

Figure 17; Future of nanoparticles 

4.1. Quantum Dots in Fluorescence Imaging 
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Quantum dots (QDs) are semiconductor nanocrystals that 

exhibit unique optical properties, including size-tunable 

fluorescence and exceptional photostability, making them 

ideal for long-term imaging applications. Their bright, tunable 

emission wavelengths enable multicolor imaging, allowing 

simultaneous tracking of multiple biological markers [48] . 

QDs have been widely utilized in cancer diagnostics, where 

they can be conjugated with antibodies or peptides to target 

specific tumor markers, providing high-resolution images that 

distinguish cancerous cells from healthy tissue [49] . QDs 

have also shown promise in tracking molecular events within 

cells, enabling real-time observation of intracellular processes. 

However, concerns regarding the potential toxicity of 

cadmium-based QDs have led researchers to explore 

alternative materials, such as carbon-based and silicon QDs, 

which offer reduced cytotoxicity and comparable imaging 

capabilities. 

4.2 Magnetic Nanoparticles for MRI 

Magnetic nanoparticles (MNPs) have emerged as powerful 

contrast agents for magnetic resonance imaging (MRI). 

Superparamagnetic iron oxide nanoparticles (SPIONs) 

enhance MRI contrast by creating local magnetic field 

disturbances that improve the visualization of tissues and 

anatomical structures. SPIONs have been widely used in 

imaging liver and lymph node metastases, as they selectively 

accumulate in these tissues, providing enhanced contrast [50] . 

By functionalizing SPIONs with targeting ligands, researchers 

have achieved targeted MRI contrast, enabling precise 

imaging of specific cell types, such as cancer cells or inflamed 

tissues. Recently, efforts have been made to combine SPIONs 

with therapeutic agents, creating theranostic (therapy + 

diagnostic) platforms that enable simultaneous imaging and 

treatment. This dual functionality is particularly useful for 

tracking therapeutic responses in real time, paving the way for 

personalized medicine approaches. 

4.3 Gold Nanoparticles in Optical Imaging and 

Biosensing 

Gold nanoparticles (AuNPs) possess unique optical 

properties, particularly surface plasmon resonance (SPR), 

which makes them highly sensitive to changes in the local 

environment. This property enables their use in biosensing 

and optical imaging, as AuNPs produce a strong optical signal 

when interacting with specific biomolecules. In cancer 

diagnostics, AuNPs conjugated with antibodies can detect 

biomarkers at low concentrations, allowing early detection 

and precise localization of tumors [51] . In addition to their 

diagnostic role, AuNPs have shown promise in photothermal 

therapy, where they absorb light and convert it into heat, 

selectively destroying cancer cells. This dual diagnostic-

therapeutic capability allows for simultaneous imaging and 

treatment, facilitating a more comprehensive approach to 

cancer management. 

4.4 Challenges and Future Directions in Nano-

Bioimaging 

Despite the tremendous potential of nanoparticle-based 

imaging, there are several challenges associated with clinical 

translation. Biocompatibility remains a primary concern, 

particularly with QDs and SPIONs, which may induce 

cytotoxicity or inflammatory responses over prolonged 

periods. Additionally, the biodistribution and clearance of 

imaging agents must be well-understood to prevent 

accumulation in non-target organs . Regulatory approval 

processes for nano-imaging agents are also stringent, 

necessitating rigorous preclinical testing to establish safety 

and efficacy. 

5. Nanotechnology in Therapeutics 
Nanotechnology has enabled precise therapeutic approaches 

by allowing drugs to be delivered directly to specific tissues 

and cells, enhancing the treatment of conditions such as 

cancer, infectious diseases, and genetic disorders. In addition 

to conventional drug delivery, nanotechnology has introduced 

innovations such as gene therapy and immunotherapy, where 

nanoparticles play a crucial role in enhancing therapeutic 

efficacy. 

 

Figure 18:Nanobiotechnology and its applications [52] . 

5.1 Cancer Therapeutics and Nanomedicine 

Cancer remains one of the most prominent applications for 

nanotechnology-based therapeutics, with nanoscale drug 

delivery systems designed to improve the therapeutic index 

and reduce the side effects of chemotherapeutic agents. 

Polymeric nanoparticles, liposomes, and micelles are widely 

used for encapsulating anticancer drugs, enhancing their 

solubility, and controlling their release. A notable example is 

the nanoparticle albumin-bound paclitaxel (Abraxane®), 

which provides targeted drug delivery and improved efficacy 

over conventional formulations. Beyond drug delivery, 

nanoparticles also play a role in cancer immunotherapy. 

Nanoparticle vaccines can stimulate an immune response 

against cancer cells by delivering tumor antigens more 

effectively, improving the activation of dendritic cells, and 

enhancing T-cell response [53] . Cancer nanotherapeutics 

have revolutionized treatment by providing targeted delivery 

of drugs, improving efficacy, and reducing systemic side 

effects. Recent advances in nanotechnology have extended to 

immunotherapy, where nanoparticles facilitate tumor antigen 

presentation, thereby enhancing immune recognition and 

response." 
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Figure 19: Nanobiotechnology based anti-cancer 

therapeutic strategies [54] . 

5.2 Gene Therapy with Nanoparticles 

Nanotechnology has also enhanced gene therapy by enabling 

the efficient and safe delivery of nucleic acids to target cells. 

Lipid-based nanoparticles are commonly used to deliver small 

interfering RNA (siRNA) and messenger RNA (mRNA), 

allowing for gene silencing or protein expression in specific 

cells. Lipid nanoparticles are critical in the development of 

mRNA vaccines, such as those for COVID-19, demonstrating 

their potential in combating viral infections and genetic 

disorders. Gene therapy has advanced with lipid-based 

nanoparticles, enabling targeted delivery of genetic material 

for treating genetic disorders and infectious diseases. These 

nanoparticles facilitate cellular uptake and protect nucleic 

acids from degradation, enhancing gene therapy's therapeutic 

efficacy. 

 

Figure 20: The applications of nanoparticles in gene 

delivery. Nanoparticle-based gene delivery presents a 

promising therapeutic method in vitro and in vivo, and 

recombinant DNA can be delivered into cells efficiently 

[55] . 

6. Nanotechnology in Regenerative 

Medicine 
Nanotechnology is playing a transformative role in 

regenerative medicine, particularly in tissue engineering and 

stem cell therapy. Nanomaterials mimic the natural 

extracellular matrix, creating a supportive scaffold that 

promotes cell adhesion, proliferation, and differentiation. 

Nanofibers, hydrogels, and biocompatible nanoparticles serve 

as scaffolds for regenerating damaged tissues, such as bone, 

cartilage, and nerves. Regenerative medicine involves the 

development of methods to repair and replace diseased or 

damaged cells, tissues, or organs to restore or establish normal 

tissue functions. Nanotechnology is a powerful strategy 

in tissue regeneration for recreating the Nano scale features of 

tissues that can direct cellular adhesion, migration, and 

differentiation. Nanomaterials also have unique physical, 

chemical, optical, electrical, and magnetic properties that are 

different from their bulk-level counterparts. Based on their 

size and functional advantages, nanomaterials can be used for 

effective biomolecule delivery, scaffolds for tissue 

engineering, in vivo cell tracking, and stem cell therapy.  

 

Figure 21: Applications of Nanotechnology for 

Regenerative Medicine [56] . 

6.1 Nanoscaffolds in Tissue Engineering 

Nanoscaffolds provide structural support and biochemical 

cues that facilitate tissue regeneration. Electrospun nanofibers, 

for example, are designed to mimic the fibrous structure of 

natural tissues, promoting cell attachment and growth. 

Additionally, nanofibrous scaffolds loaded with growth 

factors can provide controlled release, further enhancing 

tissue regeneration. 

 

Figure 22: Applications of  Nanoscaffolds in Tissue 

Engineering [57] . 

The functional scaffolds used in different kinds of tissue 

engineering such as bone, liver, cartilage, vascular tissue, skin 

and cardiac tissue, etc., and an overview of various types of 

materials used in scaffolding for the tissue engineering 
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applications. Tissue engineering and regenerative medicine 

are the emerging field of research that encompasses the 

designing of different types of porous scaffolds using different 

synthesis techniques and biocompatible ingredients for the 

homing and growth of stem cells. These stem cells can 

proliferate and further differentiate into specific cell type that 

is necessary for replacing the damaged tissue, or they can be 

grown outside the body and then replaced back to the affected 

individual. Many progresses have been made in this field by 

using both natural and artificial scaffolds, but very few have 

been translated into practical use. Many concomitant studies 

have indicated that the addition of nanoparticles, such as gold, 

silver, and other metal and their oxides, has enhanced the stem 

cell growth and improved the proliferations.   

6.2 Stem Cell Therapy and Nanoparticles 

Nanoparticles are also used to improve stem cell therapies by 

enhancing cell tracking and promoting differentiation. Iron 

oxide nanoparticles, for instance, allow for non-invasive 

tracking of stem cells via MRI, enabling researchers to 

monitor stem cell engraftment and migration in real time. 

Furthermore, nanoparticles can deliver genetic material or 

growth factors to stem cells, guiding their differentiation into 

specific cell types for targeted tissue repair. Nanotechnology 

enhances stem cell therapies by enabling cell tracking and 

directing cell differentiation. Magnetic nanoparticles offer a 

means of non-invasively monitoring stem cell migration, 

while growth-factor-loaded nanoparticles provide cues for 

differentiation, supporting tissue repair and regeneration. 

Conclusion 
Nanotechnology has established a new frontier in 

biomedicine, enabling innovative approaches to drug delivery, 

diagnostics, and regenerative medicine. Although challenges 

remain, particularly regarding safety and regulatory approval, 

continued research and development will pave the way for 

nanotechnology to become an integral component of modern 

healthcare. The advancements discussed in this review 

underscore the potential of nanotechnology to revolutionize 

disease treatment and diagnosis, ultimately contributing to a 

future of more personalized, effective, and less invasive 

healthcare solutions. 
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