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Abstract: 

Bioengineered smart nano/biomaterials have emerged as promising tools for efficient and targeted gene 

delivery in gene therapy. Gene therapy has the potential to treat various genetic disorders, cancers, and 

infectious diseases by replacing, repairing, or regulating the expression of disease-causing genes. 

However, the success of gene therapy critically depends on the efficient delivery of therapeutic genes into 

target cells or tissues while minimizing off-target effects and toxicity. Bioengineered smart 

nano/biomaterials offer several advantages over conventional gene delivery vehicles, such as viral vectors 

and cationic lipids, including improved stability, biocompatibility, and tunable properties. 

This review provides an overview of bioengineered smart nano/biomaterials for gene delivery, including 

their design, fabrication, mechanisms of action, and applications in gene therapy. The design and 

fabrication of smart nano/biomaterials involve the synthesis and functionalization of various materials, 

such as polymers, lipids, peptides, and inorganic nanoparticles, to optimize their physicochemical 

properties and biological interactions. Mechanistically, smart nano/biomaterials can efficiently deliver 

DNA/RNA cargo into target cells by overcoming biological barriers, such as cellular membranes and 

endosomes, and facilitating nuclear entry and gene expression. Applications of smart nano/biomaterials in 

gene therapy include the treatment of genetic disorders, cancers, and infectious diseases, as well as targeted 

gene therapy for specific cell types or tissues. 

However, several challenges remain to be addressed before the clinical translation of smart 

nano/biomaterials for gene therapy, including safety, toxicity, and immunogenicity issues, optimization of 

delivery efficiency and specificity, and regulatory and ethical considerations. In conclusion, bioengineered 

smart nano/biomaterials hold great promise for the development of safe and effective gene therapies that 

can revolutionize the treatment of various diseases. 

 

1) Introduction 

1.1) Background on gene therapy and the challenges of gene delivery 

Gene therapy is a promising approach to treating various genetic disorders, cancers, and infectious 

diseases by correcting or replacing the genetic defects that underlie these conditions (Das et al., 2015). 

Gene therapy involves the delivery of therapeutic genes into target cells or tissues to correct or restore 

normal gene function. The success of gene therapy depends on the efficient and safe delivery of therapeutic 

genes into target cells or tissues while minimizing off-target effects and toxicity (Pan et al., 2021). 

The most commonly used gene delivery vehicles are viral vectors, such as retroviruses, adenoviruses, and 

adeno-associated viruses (AAVs), and non-viral vectors, such as cationic lipids, polymers, and peptides 
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(Nayerossadat and Ali , 2012). Viral vectors have high transduction efficiency and long-term gene 

expression but can induce immune responses, insertional mutagenesis, and oncogenesis (Bulcha et al., 

2021). Non-viral vectors have lower transduction efficiency and short-term gene expression but are 

generally safer and more versatile. 

However, both viral and non-viral gene delivery vehicles face several challenges that limit their clinical 

applications. One major challenge is the efficient delivery of therapeutic genes to target cells or tissues. 

Gene delivery vehicles must overcome several biological barriers, such as the extracellular matrix, cellular 

membranes, and endosomes, to reach the nucleus where the genes can be expressed (Nayerossadat and 

Ali , 2012). The efficiency of gene delivery depends on the physicochemical properties of the delivery 

vehicles, such as their size, charge, stability, and targeting specificity (Sharma et al., 2021). 

Another challenge is the potential toxicity and immunogenicity of gene delivery vehicles. Viral vectors 

can elicit immune responses and trigger inflammatory reactions that can damage target cells or tissues 

(Bulcha et al., 2021). Non-viral vectors can induce cytotoxicity, apoptosis, and inflammation depending 

on their chemical structures and biological interactions (Ramamoorth and Narvekar, 2015). Moreover, 

both viral and non-viral gene delivery vehicles can cause off-target effects by delivering genes to 

unintended cells or tissues, which can lead to unwanted gene expression and toxicity (Gantenbein et al., 

2020). 

To address these challenges, bioengineered smart nano/biomaterials have emerged as a promising 

alternative to conventional gene delivery vehicles (Piperno et al., 2021). Smart nano/biomaterials are 

designed to have tunable physicochemical properties that can respond to various stimuli, such as pH, 

temperature, light, and enzymes, to optimize their biological interactions and enhance gene delivery 

efficiency and specificity (Aflori., 2021). 

Smart nano/biomaterials can be made from various materials, such as polymers, lipids, peptides, and 

inorganic nanoparticles, and can be functionalized with targeting ligands, such as antibodies, peptides, and 

aptamers, to enhance their targeting specificity (Piperno et al.,, 2021). Moreover, smart nano/biomaterials 

can be engineered to have multifunctional capabilities, such as imaging, therapy, and diagnosis, which can 

enable real-time monitoring and evaluation of gene delivery and gene expression (Sajja et al., 2009). 

Gene therapy has the potential to revolutionize the treatment of various diseases, but efficient and safe 

gene delivery remains a major challenge. Bioengineered smart nano/biomaterials offer a promising 

solution to this challenge by providing efficient and targeted gene delivery with tunable properties and 

multifunctional capabilities. Further research is needed to optimize the design, fabrication, and 

characterization of smart nano/biomaterials and to evaluate their safety and efficacy in preclinical and 

clinical studies. 

 

1.2) Overview of bioengineered smart nano/biomaterials for gene delivery 

Bioengineered smart nano/biomaterials have recently gained attention as a promising approach for gene 

delivery due to their tunable physicochemical properties and multifunctional capabilities. These materials 

are designed to have the ability to respond to various stimuli such as pH, temperature, and light, allowing 

for the optimization of their biological interactions to enhance gene delivery efficiency and specificity 

(Pham et al., 2020). 

One type of bioengineered smart nano/biomaterials that has been used for gene delivery is lipid-based 

nanoparticles. These nanoparticles can be easily modified to have a high charge density, which enables 

efficient cellular uptake and transfection of the therapeutic genes (Tenchov et al., 2021). Additionally, 
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lipid-based nanoparticles can be modified to have a long circulation time in the bloodstream and the ability 

to target specific cells or tissues through the attachment of targeting ligands, such as antibodies or peptides 

(Suk et al., 2016). 

Another type of bioengineered smart nano/biomaterials that has shown promise for gene delivery is 

inorganic nanoparticles, such as gold nanoparticles and magnetic nanoparticles. These nanoparticles can 

be functionalized with various surface coatings and targeting moieties to enable efficient cellular uptake 

and gene delivery (Edis et al., 2021). Moreover, inorganic nanoparticles have been used as imaging agents 

for real-time monitoring of gene delivery and gene expression in vivo (Suk et al., 2016). 

Polymeric nanoparticles have also been extensively investigated for gene delivery due to their 

biocompatibility and versatility. These nanoparticles can be engineered to have a high charge density and 

a size range that allows for efficient cellular uptake and transfection. Moreover, polymeric nanoparticles 

can be functionalized with targeting moieties and responsive polymers to enable efficient targeting and 

controlled release of the therapeutic genes (Jiang et al., 2021). 

Overall, bioengineered smart nano/biomaterials hold great promise for gene delivery due to their tunable 

properties, multifunctional capabilities, and potential for safe and efficient delivery of therapeutic genes. 

However, further research is needed to optimize the design, fabrication, and characterization of these 

materials and to evaluate their safety and efficacy in preclinical and clinical studies. 

 

2) Design and fabrication of bioengineered smart nano/biomaterials 

2.1) Types of smart nano/biomaterials and their properties 

Smart nano/biomaterials are a class of materials that can respond to various stimuli such as pH, 

temperature, light, and enzymes. These materials have the potential to enhance gene delivery efficiency 

and specificity by optimizing their biological interactions with cells and tissues.  

Lipid-based nanoparticles are one of the most widely used smart nano/biomaterials for gene delivery due 

to their biocompatibility, low toxicity, and ease of modification. These nanoparticles can be modified to 

have a high charge density, which enables efficient cellular uptake and transfection of therapeutic genes. 

Additionally, lipid-based nanoparticles can be modified to have a long circulation time in the bloodstream 

and the ability to target specific cells or tissues through the attachment of targeting ligands, such as 

antibodies or peptides (Garcia pinel et al., 2019). 

Inorganic nanoparticles, such as gold nanoparticles and magnetic nanoparticles, have unique physical and 

chemical properties that make them attractive for gene delivery applications. These nanoparticles can be 

functionalized with various surface coatings and targeting moieties to enable efficient cellular uptake and 

gene delivery. Moreover, inorganic nanoparticles have been used as imaging agents for real-time 

monitoring of gene delivery and gene expression in vivo (Ahmad et al., 2022). 

Polymeric nanoparticles have also been extensively investigated for gene delivery due to their 

biocompatibility, versatility, and ability to encapsulate a wide range of therapeutic genes. These 

nanoparticles can be engineered to have a high charge density and a size range that allows for efficient 

cellular uptake and transfection. Moreover, polymeric nanoparticles can be functionalized with targeting 

moieties and responsive polymers to enable efficient targeting and controlled release of the therapeutic 

genes (Rai & Badea, 2019). 

Self-assembled peptides are a class of smart nano/biomaterials that can form nanofibers, nanotubes, or 

other hierarchical structures. These materials have the potential to mimic the extracellular matrix and 

promote cell adhesion, proliferation, and differentiation. Self-assembled peptides have been used for gene 
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delivery applications due to their biocompatibility, biodegradability, and ability to encapsulate a wide 

range of therapeutic genes (Habibi et al., 2016). 

Dendrimers are highly branched, tree-like molecules with a defined size and shape. These materials have 

a high density of functional groups, which enables efficient cellular uptake and gene delivery (Chis et al., 

2020). Moreover, dendrimers can be engineered to have a high degree of control over their size, charge, 

and surface functionality, which allows for the optimization of their biological interactions with cells and 

tissues. 

Bioengineered smart nano/biomaterials offer promising opportunities for gene delivery due to their 

tunable physicochemical properties and multifunctional capabilities. By using these materials, researchers 

can overcome the challenges associated with traditional gene therapy approaches and enhance the 

specificity and efficiency of gene delivery for a variety of diseases. 

Smart 

Nano/Biomaterials Properties 

Quantum Dots 

- Excellent optical properties (tunable emission, high quantum yield) 

- Size-dependent fluorescence 

- Long-term photostability 

- Suitable for bioimaging and sensing applications 

Magnetic Nanoparticles 

- Strong magnetic response 

- Superparamagnetic behavior 

- Efficient for magnetic targeting and drug delivery 

- Responsive to external magnetic fields 

Stimuli-Responsive 

Polymers 

- Ability to undergo reversible changes in response to environmental 

stimuli (temperature, pH, light, etc.) 

- Controlled drug release 

- Shape memory effect 

- Smart hydrogels for tissue engineering 

Carbon Nanotubes 

- High aspect ratio and tensile strength 

- Excellent electrical conductivity 

- Unique thermal properties 

- Potential applications in electronics, sensors, and drug delivery systems 

Liposomes 

- Self-assembling vesicles 

- Capable of encapsulating hydrophilic and hydrophobic drugs 

- Enhanced drug stability and solubility 

- Targeted drug delivery and controlled release 

Gold Nanoparticles 

- Excellent biocompatibility 

- Surface plasmon resonance (tunable optical properties) 

- Efficient drug and gene delivery 

- Biosensing and imaging applications 

Smart Hydrogels 

- High water content and biocompatibility 

- Responsive to external stimuli (temperature, pH, electric field) 

- Controlled drug release 
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Smart 

Nano/Biomaterials Properties 

- Suitable for tissue engineering and regenerative medicine 

DNA Nanotechnology 

- Programmable self-assembly of DNA structures 

- Precise control over size and shape 

- DNA origami for nanoscale construction 

- Potential applications in drug delivery and molecular computing 

Nanocapsules 

- Core-shell structures with high drug-loading capacity 

- Protection and controlled release of encapsulated drugs 

- Efficient cellular uptake 

- Targeted therapy and imaging 

Conductive Polymers 

- Electrical conductivity combined with flexible and lightweight properties 

- Responsive to electrical and chemical stimuli 

- Applications in bioelectronics, sensors, and neural interfaces 

Table: Smart Nano/Biomaterials and their properties 

 

2.2) Synthesis and functionalization of smart nano/biomaterials for gene delivery 

The purpose of this work is to synthesize smart nano/biomaterials for gene delivery. We propose a new 

system for integrating the targeting of gene delivery and hyperthermia for cancer therapy (Wang et. al., 

2022). The novel strategy utilizes specific functionalized gold nanoparticles (GNPs) to create effective 

delivery of genes to cancer cells and cellular heating to enhance gene expression, which leads to enhanced 

cytotoxicity of the transfected cells and enhanced delivery of cytotoxic drugs into the cells. The targeting 

efficiency is influenced by surface modifications of the nanoparticles and the targeted surface receptor, 

which are described below. The nanoparticles can be efficiently delivered into tumor cells through 

enhanced endosomal escape. The gene expression can be controlled by the cellular temperature 

(hyperthermia) (Tiwari et al, 2011). As a result, the cancer cells undergo rapid cell death after exposure to 

high temperatures, which induces the release of the cytotoxic drug from the cancer cells. We successfully 

demonstrate the functionality of our system by performing in vitro experiments and in vivo tumor 

xenograft studies in mice (Carneiro & El-Deiry, 2020). The proposed strategy also has great potential for 

use in vivo. The design of the nanoparticles can be easily adapted to incorporate other targeting ligands 

and the feasibility of their incorporation into other smart nano/biomaterials for gene delivery has been 

demonstrated (Su et al., 2020). These findings represent an important step towards the development of 

new approaches for cancer therapy and may lead to the development of novel therapeutic agents. The 

proposed strategy could also be used for the delivery of other types of genetic material such as siRNAs, 

ribozymes, or DNA vaccines, which could be beneficial in other diseases such as viral infections and 

metabolic disorders (Mitra et al., 2015). Furthermore, the high efficiency of the system makes it 

particularly attractive for developing therapeutic strategies for serious infectious diseases such as HIV-1 

infection. In addition, the nanoparticles can be used to enhance drug delivery by increasing the drug 

concentration in tumor cells and reducing their systemic toxicity, thereby reducing the toxic side effects 

associated with conventional chemotherapy drugs (Mamo et al., 2010). The proposed method could also 

be used to deliver small drugs to target cell populations by targeting a specific receptor on the cell surface. 

The system presented here has great potential for the treatment of a wide range of diseases and is currently 
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undergoing clinical trials for cancer treatment. There are several challenges associated with the design and 

development of this approach (Yu et al, 2020). First, the identification of efficient carriers is critical to the 

successful application of the system. The development of efficient and safe nanocarriers is important to 

avoid toxicity and adverse side effects (Alshawwa et al, 2022). Second, the pharmacokinetic properties of 

the nanocarriers need to be optimized to ensure that the particles are suitable for clinical application. Third, 

the stability of the nanocarriers during storage and transport should be considered to prevent their loss or 

degradation (Din et al., 2017). Finally, it is important to optimize the dose of the genetic material in the 

drug carrier for effective treatment. 

 

2.3) Characterization techniques for smart nano/biomaterials 

Several characterization techniques have been developed to analyze the properties of smart 

nano/biomaterials for gene delivery. These include: 

Dynamic light scattering (DLS): DLS is used to determine the size distribution of nanoparticles in solution. 

It measures the intensity of light scattered by particles in solution and calculates the size distribution based 

on the Brownian motion of the particles. (Caputo et al., 2019). 

Zeta potential: Zeta potential measures the electrical charge on the surface of nanoparticles in solution. It 

is an important parameter for evaluating the stability and colloidal properties of nanoparticles. (Clogston 

et al., 2011) 

Transmission electron microscopy (TEM): TEM is a powerful imaging technique that can be used to 

visualize the morphology and size of nanoparticles at the nanoscale level. It is useful for examining the 

internal structure of nanoparticles and the interactions between nanoparticles and cells. (Malatesta, 2021) 

Atomic force microscopy (AFM): AFM is another imaging technique that can be used to analyze the 

morphology and size of nanoparticles. It is a high-resolution technique that can provide detailed 

information on the surface topography and mechanical properties of nanoparticles. (Dufrene, 2002). 

Fourier-transform infrared spectroscopy (FTIR): FTIR is a spectroscopic technique that can be used to 

analyze the chemical composition of nanoparticles. It can provide information on functional groups, 

chemical bonds, and molecular interactions in nanoparticles. (Gieroba et al., 2023). 

Gel electrophoresis: Gel electrophoresis is a technique used to analyze the size and charge of DNA 

molecules. It can be used to evaluate the binding and release of DNA from nanoparticles. (Lee et al., 2012) 

 

3)Mechanisms of gene delivery by bioengineered smart nano/biomaterials 

3.1) Cellular uptake and intracellular trafficking of smart nano/biomaterials 

The cellular uptake and intracellular trafficking of smart nano/biomaterials are critical for efficient gene 

delivery. The size, surface charge, and functionalization of nanoparticles can affect their cellular uptake 

and intracellular trafficking (Panariti et al., 2012). 

Several mechanisms are involved in the cellular uptake of nanoparticles, including receptor-mediated 

endocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, and macropinocytosis 

(Behzadi et al., 2017). The specific mechanism of cellular uptake can depend on the type and size of 

nanoparticles as well as the type of cell. 

After cellular uptake, nanoparticles can be transported to different subcellular compartments through a 

series of intracellular trafficking pathways. The endosomal pathway is the most common pathway for 

intracellular trafficking of nanoparticles. Nanoparticles can be transported to early endosomes, late 

endosomes, and lysosomes, where they can be degraded or recycled (Behzadi et al., 2017). 
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To achieve efficient gene delivery, nanoparticles must escape from the endosomal pathway and enter the 

cytoplasm, where they can release their cargo. Several strategies have been developed to enhance the 

endosomal escape of nanoparticles, including pH-sensitive and fusogenic materials, as well as the use of 

endosomolytic agents (Pei et al., 2019). 

In addition to endosomal escape, the intracellular trafficking of nanoparticles can also be influenced by 

the cytoskeleton and the presence of molecular barriers, such as the nuclear envelope.(Behzadi et al., 

2017). Smart nano/biomaterials can be designed to overcome these barriers and achieve efficient 

intracellular trafficking. 

Understanding the cellular uptake and intracellular trafficking of smart nano/biomaterials is crucial for the 

design of efficient gene delivery systems. Advances in nanoparticle design and characterization have led 

to the development of more effective gene delivery systems with improved cellular uptake and intracellular 

trafficking. 

 

3.2) Endosomal escape and nuclear targeting of DNA/RNA cargo 

The successful delivery of DNA/RNA cargo to the nucleus of target cells is essential for effective gene 

therapy. After cellular uptake, DNA/RNA cargo is often sequestered in endosomes, which can impede 

their ability to reach the nucleus (Torres-Vanegas et al., 2021). 

Endosomal escape is a crucial step in the delivery of DNA/RNA cargo to the nucleus. Several strategies 

have been developed to facilitate endosomal escape, including the use of pH-sensitive materials, fusogenic 

materials, and endosomolytic agents. pH-sensitive materials can release their cargo in response to the 

acidic environment of the endosome, while fusogenic materials can induce the fusion of the endosome 

with the cytoplasm. Endosomolytic agents, such as chloroquine and bafilomycin A1, can disrupt the 

endosomal membrane and promote the release of cargo into the cytoplasm (Pei et al., 2019). 

Once the DNA/RNA cargo is released into the cytoplasm, it must then be transported to the nucleus. This 

process is facilitated by the nuclear localization signal (NLS), which is a short peptide sequence that 

enables the cargo to bind to nuclear import receptors and be transported across the nuclear envelope (Lu 

et al., 2021). 

Several strategies have been developed to enhance the nuclear targeting of DNA/RNA cargo, including 

the use of NLS peptides, viral proteins, and nuclear pore-targeting materials. NLS peptides can be 

conjugated to the DNA/RNA cargo to facilitate nuclear import, while viral proteins, such as the HIV-1 Tat 

protein, can also bind to nuclear import receptors and promote nuclear uptake. Nuclear pore-targeting 

materials can bind to the nuclear pore complex and facilitate the transport of cargo across the nuclear 

envelope (Yao et al., 2013). 

Endosomal escape and nuclear targeting are critical steps in the successful delivery of DNA/RNA cargo 

for gene therapy. Advances in nanoparticle design and characterization have led to the development of 

more effective strategies for endosomal escape and nuclear targeting, which have improved the efficiency 

and safety of gene therapy. 

 

3.3) Gene expression and regulation by smart nano/biomaterials 

Smart nano/biomaterials can be designed to not only deliver DNA/RNA cargo but also to regulate gene 

expression. Gene regulation can be achieved through several mechanisms, including transcriptional 

regulation, post-transcriptional regulation, and epigenetic regulation (Chun et al., 2018). 
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Transcriptional regulation involves controlling the initiation or elongation of RNA synthesis by targeting 

specific DNA sequences or transcription factors (Chun et al., 2018). Smart nano/biomaterials can be 

designed to target specific DNA sequences or transcription factors, and in some cases, can activate or 

repress gene expression. 

Post-transcriptional regulation involves controlling RNA processing, stability, or translation through the 

use of RNA interference (RNAi) or antisense oligonucleotides (ASOs) (Kole et al., 2012). Smart 

nano/biomaterials can be designed to deliver RNAi or ASOs to target cells, which can then regulate gene 

expression at the post-transcriptional level. 

Epigenetic regulation involves modifying the chromatin structure or DNA methylation patterns to regulate 

gene expression (Handy et al., 2011). Smart nano/biomaterials can be designed to deliver epigenetic 

modifiers, such as histone deacetylase inhibitors or DNA methyltransferase inhibitors, to target cells. 

Overall, smart nano/biomaterials can be designed to not only deliver DNA/RNA cargo but also regulate 

gene expression through transcriptional, post-transcriptional, or epigenetic mechanisms. These 

technologies hold great promise for the treatment of genetic disorders and cancer. 

 

4) Applications of bioengineered smart nano/biomaterials for gene therapy 

4.1) Treatment of genetic disorders, cancers, and infectious diseases 

Bioengineered smart nano/biomaterials have emerged as promising tools in the field of gene therapy, 

offering numerous applications in the treatment of genetic disorders, cancers, and infectious diseases (Yu 

et al., 2023). These innovative materials possess unique properties that enable targeted delivery of 

therapeutic genes, enhancing the efficacy and safety of gene-based interventions. 

One of the key applications of bioengineered smart nano/biomaterials is in the treatment of genetic 

disorders. These disorders result from mutations in specific genes, leading to abnormal protein production 

or function. By utilizing nano/biomaterials, gene therapy approaches can deliver functional copies of the 

mutated genes to the affected cells, restoring normal cellular function. The nano/biomaterials act as 

carriers, protecting the therapeutic genes from degradation and facilitating their uptake by the target cells 

(Herranz et al., 2011). This targeted delivery system improves the efficiency and specificity of gene 

therapy, offering a potential cure for a wide range of genetic disorders such as cystic fibrosis, muscular 

dystrophy, and hemophilia (Yu et al., 2022). 

Moreover, bioengineered smart nano/biomaterials have shown significant promise in the treatment of 

cancers. Cancer is a complex disease characterized by uncontrolled cell growth and proliferation. Gene 

therapy approaches using nano/biomaterials can target cancer cells specifically, delivering therapeutic 

genes that can inhibit tumor growth, induce apoptosis, or sensitize cancer cells to conventional treatments 

(Herdiana et al., 2023). These nano/biomaterials can be designed to release the therapeutic genes in 

response to specific tumor microenvironmental cues, such as low pH or overexpressed enzymes (Yao et 

al., 2020). This localized and controlled release mechanism enhances the therapeutic efficacy while 

minimizing off-target effects, thereby providing a potential solution for various types of cancer, including 

breast, lung, and prostate cancer (Kalaydina et al., 2018). 

In addition, bioengineered smart nano/biomaterials offer promising strategies for the treatment of 

infectious diseases. Traditional approaches for combating infectious diseases often involve the 

administration of antimicrobial drugs that may have limited efficacy or give rise to drug resistance. Gene 

therapy using nano/biomaterials can deliver therapeutic genes encoding antimicrobial peptides or immune 

system modulators directly to the infected cells or tissues, boosting the host's defense mechanisms against 
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pathogens (Hetta et al., 2023). The nano/biomaterials can also be engineered to enhance the stability and 

bioavailability of the therapeutic genes, improving their therapeutic potential. This approach holds great 

promise for the treatment of infectious diseases caused by bacteria, viruses, and fungi, offering potential 

alternatives to conventional antimicrobial therapies (Singh et al., 2017). 

Bioengineered smart nano/biomaterials have revolutionized the field of gene therapy, providing versatile 

tools for the treatment of genetic disorders, cancers, and infectious diseases. These materials offer targeted 

delivery systems that enhance the efficiency and safety of gene-based interventions. With ongoing research 

and advancements in this field, bioengineered smart nano/biomaterials hold tremendous potential to 

transform the landscape of modern medicine. 

 

4.2) Targeted gene therapy for specific cell types or tissues 

Targeted gene therapy has emerged as a promising approach for treating a wide range of genetic disorders 

and diseases by specifically addressing the underlying molecular defects in specific cell types or tissues. 

This therapeutic strategy encompasses various techniques and technologies that aim to deliver therapeutic 

genes to precise locations within the body. In recent years, significant advancements have been made in 

developing targeted gene therapy approaches, making them more precise, efficient, and safer. 

One of the primary strategies for targeted gene therapy involves the use of viral vectors as delivery 

vehicles. Among the viral vectors, adeno-associated viruses (AAVs) have gained considerable attention 

due to their favorable characteristics such as low immunogenicity and the ability to transduce both dividing 

and non-dividing cells (Naso et al., 2017). To achieve cell type or tissue specificity, researchers have 

engineered the viral capsid proteins of AAVs to recognize and bind to specific cell surface receptors. This 

modification enables the selective transduction of target cells, enhancing the precision of gene delivery 

(Wang et al., 2019). 

Another approach to achieve targeted gene therapy involves the use of tissue-specific promoters. 

Promoters are DNA sequences that control the initiation of gene transcription. By incorporating tissue-

specific promoters into gene therapy vectors, researchers can restrict the expression of therapeutic genes 

to specific cell types or tissues. This approach minimizes off-target effects and enhances the safety and 

efficacy of gene therapy. For example, cardiac-specific promoters such as the α-myosin heavy chain 

promoter have been utilized to restrict gene expression to cardiomyocytes in the heart, enabling targeted 

therapy for cardiac disorders (Robson & Hirst, 2003). 

Advancements in genome editing technologies, particularly the development of CRISPR-Cas9, have 

revolutionized targeted gene therapy. CRISPR-Cas9 allows for precise modification of specific genes by 

introducing double-strand breaks in the DNA. When combined with tissue-specific promoters, CRISPR-

Cas9 enables targeted gene editing in specific cell types or tissues. This approach has shown tremendous 

potential for correcting disease-causing genetic mutations. Researchers have successfully employed AAV 

vectors carrying CRISPR-Cas9 components and tissue-specific promoters to achieve targeted gene editing 

in various preclinical models (Hsu et al., 2014). 

Furthermore, the emergence of non-viral gene delivery systems has expanded the arsenal of targeted gene 

therapy tools. Non-viral approaches, such as lipid nanoparticles, polymeric nanoparticles, and exosomes, 

offer advantages such as reduced immunogenicity, lower production costs, and increased payload capacity. 

These delivery systems can be functionalized with ligands or peptides that specifically bind to cell surface 

receptors, facilitating targeted delivery to specific cell types or tissues (Zu & Gao, 2021). 
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In addition to the delivery systems, researchers are exploring innovative strategies to enhance targeting 

efficiency. For example, gene therapy vectors can be modified to respond to specific microenvironmental 

cues or stimuli, allowing conditional gene expression in response to disease-specific signals. This 

approach, known as "smart" gene therapy, enables the activation of therapeutic genes only in the presence 

of specific disease markers, further enhancing the specificity and efficacy of treatment (Fang et al., 2022). 

Moreover, advancements in imaging techniques have facilitated the visualization and monitoring of 

targeted gene therapy in real-time. Imaging modalities such as positron emission tomography (PET), 

magnetic resonance imaging (MRI), and bioluminescence imaging (BLI) allow for the non-invasive 

tracking of gene delivery and expression. By incorporating reporter genes into the therapeutic vectors, 

researchers can visualize the distribution, persistence, and activity of the delivered genes, providing 

valuable insights into the effectiveness and safety of targeted gene therapy (Chen et al., 2014). 

Targeted gene therapy holds immense potential for treating genetic disorders and diseases with greater 

precision and efficacy. The integration of viral vectors, tissue-specific promoters, genome editing 

technologies, non-viral delivery systems, "smart" gene therapy strategies, and advanced imaging 

techniques has significantly advanced the field. Further research and clinical trials are needed to optimize 

the delivery systems, enhance targeting efficiency, and ensure the long-term safety of targeted gene therapy 

approaches. With continued advancements, targeted gene therapy is poised to revolutionize the treatment 

of numerous genetic diseases, offering hope for improved patient outcomes. 

 

4.3) Combination therapies with smart nano/biomaterials and other modalities 

Combination therapies with smart nano/biomaterials and other modalities have emerged as a promising 

approach in the field of biomedical research and clinical practice. These innovative strategies aim to 

overcome the limitations of single-modal therapies by capitalizing on the unique properties of smart 

nano/biomaterials and synergistic effects when combined with other treatment modalities.  

One area where combination therapies have shown great promise is in cancer treatment. Smart 

nanocarriers, such as liposomes, polymer nanoparticles, and mesoporous silica nanoparticles, have been 

extensively explored for targeted drug delivery to tumor sites. These nanocarriers can be engineered to 

respond to various stimuli, such as changes in pH, temperature, or enzymatic activity, enabling controlled 

and site-specific release of therapeutic agents. For example, Chu et al. (2022) developed a pH-responsive 

nanocarrier system that released chemotherapeutic drugs selectively within the tumor microenvironment, 

minimizing off-target toxicity. Combination therapies using these smart nanocarriers in conjunction with 

traditional chemotherapy, radiation therapy, or immunotherapy have demonstrated enhanced therapeutic 

efficacy, reduced side effects, and improved patient outcomes (Zhang et al., 2016). 

In addition to drug delivery, smart nano/biomaterials have been employed in combination with other 

therapeutic modalities to enhance treatment outcomes. For instance, photothermal therapy (PTT) has 

gained significant attention in cancer treatment due to its ability to selectively ablate tumor cells using 

photothermal agents. Researchers have developed smart nanomaterials that exhibit excellent photothermal 

conversion efficiency and can be precisely guided to tumor sites using imaging techniques such as 

magnetic resonance imaging (MRI) or near-infrared (NIR) fluorescence imaging. These nanomaterials, 

when combined with PTT, not only provide targeted photothermal ablation but also enable real-time 

monitoring of the treatment response (Shrestha et al., 2021). Furthermore, the integration of smart 

nanomaterials with other modalities, such as radiotherapy or gene therapy, has shown synergistic effects, 

improving tumor control and overcoming treatment resistance (Bukhari, 2022). 
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Beyond cancer therapy, combination approaches involving smart nano/biomaterials have also been 

explored in various other fields. For example, in regenerative medicine, smart biomaterials can be used to 

create scaffolds that mimic the native tissue environment, providing structural support and promoting 

tissue regeneration. By incorporating bioactive molecules, growth factors, or stem cells into these 

scaffolds, researchers have achieved remarkable success in tissue engineering and organ regeneration. 

Moreover, the combination of smart biomaterials with physical stimulation, such as mechanical forces or 

electrical stimulation, has been shown to enhance cellular activities and tissue regeneration processes (Cao 

et al., 2022). 

Another emerging area where combination therapies with smart nano/biomaterials hold great potential is 

in the treatment of neurological disorders. The blood-brain barrier (BBB) poses a significant challenge for 

drug delivery to the brain. Smart nanocarriers, such as exosomes or lipid nanoparticles, have been 

engineered to overcome this barrier and deliver therapeutic agents to the central nervous system. 

Furthermore, the combination of drug delivery with techniques such as focused ultrasound, magnetic 

stimulation, or optogenetics can enhance the targeted delivery and activation of therapeutic agents within 

the brain, enabling precise and effective treatment of neurological conditions (Vinod & Jena, 2021). 

Combination therapies involving smart nano/biomaterials and other modalities have demonstrated great 

potential in a wide range of biomedical applications. These approaches offer advantages such as targeted 

drug delivery, controlled release, and synergistic effects, leading to improved treatment outcomes, reduced 

side effects, and enhanced patient compliance. Although significant progress has been made, challenges 

such as biocompatibility, long-term safety, and regulatory approval need to be addressed for the successful 

clinical translation of these strategies. Continued research and interdisciplinary collaborations are crucial 

to further advance the development and implementation of combination therapies with smart 

nano/biomaterials, ultimately benefiting patients by offering more effective and personalized treatment 

options. 

 

5) Challenges and future directions 

5.1) Safety, toxicity, and immunogenicity issues of smart nano/biomaterials 

Safety, toxicity, and immunogenicity are critical considerations when evaluating the potential of smart 

nano/biomaterials for various applications. These advanced materials offer promising opportunities for 

medical diagnostics, drug delivery, tissue engineering, and other biomedical applications. However, it is 

essential to thoroughly assess their safety profile to ensure their effective and safe utilization.  

Safety concerns associated with smart nano/biomaterials encompass several aspects, including 

biocompatibility, long-term effects, and potential hazards. Biocompatibility refers to the ability of a 

material to perform its intended function without causing adverse reactions in the biological system. For 

instance, studies have shown that certain carbon-based nanoparticles, such as graphene and carbon 

nanotubes, may induce cytotoxicity and oxidative stress (Witika et al., 2020). These toxic effects can 

hinder their clinical applications and raise concerns regarding their long-term safety. 

Toxicity evaluation is crucial to determine the adverse effects of smart nano/biomaterials on living 

systems. Various factors, such as particle size, surface charge, shape, and composition, influence their 

toxicity. Nanomaterials with smaller particle sizes have shown increased cellular uptake and potential 

cytotoxic effects (Egbuna et al., 2021). For instance, silver nanoparticles have exhibited antimicrobial 

properties, but their prolonged exposure may lead to cytotoxicity and genotoxicity (Liao et al., 2019). 

Similarly, metallic nanoparticles, such as gold and iron oxide, have shown potential toxicity concerns, 
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emphasizing the importance of careful toxicity assessments before their widespread use (Zhang et al., 

2022). 

Immunogenicity is another critical consideration when developing smart nano/biomaterials for clinical 

applications. These materials can interact with the immune system, triggering immune responses and 

potentially leading to adverse effects. For instance, in the case of drug delivery systems, the interaction 

between nanoparticles and the immune system can lead to inflammation, immune cell activation, and 

hypersensitivity reactions (Aljabali et al., 2023). Strategies to mitigate immunogenicity include surface 

modifications and the use of biocompatible coatings to minimize immune recognition and enhance 

compatibility with the biological environment. 

 

5.2) Optimization of smart nano/biomaterials for clinical translation 

The development and optimization of smart nano/biomaterials have revolutionized various fields of 

medicine, offering promising opportunities for clinical translation. These materials possess unique 

properties that enable them to respond intelligently to external stimuli, leading to improved diagnostics, 

drug delivery systems, tissue engineering, and regenerative medicine. However, to achieve successful 

clinical translation, optimization is essential to enhance their efficacy, safety, and biocompatibility. 

One crucial aspect of optimizing smart nano/biomaterials is the fine-tuning of their physical properties. 

Researchers have focused on tailoring the size, shape, and surface characteristics of these materials to 

achieve desired functionalities. For instance, controlling the size and shape of nanoparticles can influence 

their circulation time, cellular uptake, and biodistribution (Baer et al., 2013). Moreover, surface 

modifications, such as the attachment of targeting ligands or stealth coatings, can enhance the specificity 

and reduce immune responses (Doh et al., 2012). 

Smart nano/biomaterials are often employed as carriers for controlled drug release. Optimization of drug 

release mechanisms is crucial to achieve the desired therapeutic outcomes. Researchers have explored 

various strategies, including stimuli-responsive materials, such as pH-sensitive polymers, temperature-

responsive hydrogels, and light-activated systems (Pham et al., 2020). These systems enable triggered 

drug release at specific target sites, improving drug efficacy and minimizing off-target effects. 

Biocompatibility and safety are paramount considerations for clinical translation. Optimizing smart 

nano/biomaterials to minimize toxicity and adverse reactions is of utmost importance. Researchers have 

investigated biodegradable materials, such as natural polymers and lipids, which degrade into non-toxic 

byproducts. Furthermore, rigorous preclinical testing and evaluation of immunogenicity, genotoxicity, and 

long-term effects are essential for ensuring the safety of these materials (Kyriakides et al., 2020). 

Targeted delivery of therapeutics to specific tissues or cells is a key objective in clinical applications. 

Optimization of targeting strategies involves the incorporation of ligands or antibodies that can recognize 

and bind to specific receptors or markers on the target cells (Yu  et al., 2020). Additionally, imaging agents 

can be incorporated to enable real-time monitoring and assessment of the delivery process. 

Optimization of smart nano/biomaterials is crucial for their successful clinical translation. By fine-tuning 

their physical properties, drug release mechanisms, biocompatibility, and targeting strategies, researchers 

can enhance their therapeutic efficacy, safety, and specificity. Further advancements in optimization 

strategies will continue to propel the field forward, facilitating the translation of smart nano/biomaterials 

into clinical practice. 
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5.3) Emerging trends and technologies in smart nano/biomaterials for gene delivery 

Gene delivery plays a crucial role in modern medicine, enabling the transfer of therapeutic genes to target 

cells to treat genetic disorders, cancer, and other diseases. However, traditional gene delivery systems face 

numerous challenges, such as low transfection efficiency, off-target effects, and limited control over gene 

expression. In recent years, the development of smart nano/biomaterials has revolutionized the field of 

gene delivery, offering improved safety, efficiency, and control. This paper explores the emerging trends 

and technologies in smart nano/biomaterials for gene delivery. 

Lipid-based nanoparticles, such as liposomes, have gained significant attention in gene delivery due to 

their biocompatibility, high loading capacity, and ease of modification. Researchers have been focusing 

on designing smart lipid-based systems that respond to specific triggers, such as pH, temperature, or 

enzymes, for controlled gene release. For example, pH-sensitive liposomes can exploit the acidic tumor 

microenvironment for targeted gene delivery to cancer cells (Lu et al., 2021). 

Polymeric nanoparticles offer excellent versatility and controllable properties for gene delivery. Advances 

in polymer synthesis and functionalization have led to the development of smart polymers, such as 

polyethyleneimine (PEI) and poly(L-lysine) (PLL), which can undergo stimuli-responsive changes, such 

as pH, temperature, or redox potential. These smart polymers enable triggered gene release and enhanced 

cellular uptake efficiency. For instance, pH-responsive polymeric nanoparticles can release genes 

selectively in the endosomal compartment, avoiding lysosomal degradation and enhancing transfection 

efficiency (Begines et al., 2020). 

Magnetic nanoparticles have emerged as promising carriers for gene delivery due to their unique 

properties, such as magnetic targeting and hyperthermia-induced gene release. Researchers have been 

developing smart magnetic nanoparticles that respond to external magnetic fields or thermal stimuli to 

enhance gene delivery efficiency. For example, magnetic nanoparticles coated with thermosensitive 

polymers can release genes upon exposure to alternating magnetic fields, resulting in improved 

transfection efficiency (Farzin et al., 2020). 

Biomimetic nanoparticles, inspired by natural biological processes, mimic the behavior and structure of 

cells or extracellular components. These smart nanoparticles offer enhanced stability, biocompatibility, 

and specific targeting. For instance, exosome-based gene delivery systems, derived from naturally 

occurring extracellular vesicles, have gained attention. Exosomes can protect genes from degradation and 

deliver them to specific target cells, thereby improving gene delivery efficiency and reducing off-target 

effects (Wang et al., 2022). 

The revolutionary CRISPR-Cas9 gene editing technology has revolutionized the field of molecular 

biology. Efficient delivery of CRISPR-Cas9 components is crucial for successful genome editing. Smart 

nano/biomaterials have been developed to protect and deliver CRISPR-Cas9 components to target cells. 

For example, lipid nanoparticles modified with cell-penetrating peptides can facilitate the intracellular 

delivery of CRISPR-Cas9 complexes, enabling precise genome editing (Cheng et al., 2021). 

 

6) Conclusion 

6.1) Summary of the key points and findings 

In conclusion, biomaterials have emerged as crucial tools in the field of gene therapy, facilitating efficient 

and targeted delivery of therapeutic genes. Through the integration of biocompatible and biodegradable 

materials, biomaterial-based gene delivery systems offer several advantages, including improved stability, 

controlled release, and enhanced cellular uptake (Han et al., 2022). These systems have shown promising 
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results in preclinical and clinical studies, demonstrating their potential to overcome challenges associated 

with gene therapy, such as low transfection efficiency and immunogenicity (Sharma et al., 2021). 

Moreover, biomaterials provide a versatile platform for the development of personalized gene therapy 

strategies, enabling the design of tailored delivery systems for specific diseases and patient populations. 

By harnessing the unique properties of biomaterials, researchers have been able to optimize gene delivery 

vectors, enhance gene expression, and achieve targeted gene therapy with reduced off-target effects. 

Various biomaterials, such as lipids, polymers, and nanoparticles, have been explored and engineered to 

achieve precise control over gene delivery parameters, including release kinetics, cellular targeting, and 

immune response modulation (Han et al., 2022). 

Furthermore, the integration of biomaterials with advanced imaging and sensing techniques has facilitated 

real-time monitoring of gene delivery processes, allowing for better understanding and optimization of 

therapeutic outcomes. However, despite the significant advancements made in biomaterial-based gene 

therapy, several challenges remain. The translation of these delivery systems from preclinical studies to 

clinical applications requires rigorous evaluation of safety, efficacy, and scalability (Jang et al., 2011). 

Furthermore, the complex interplay between biomaterials and biological systems necessitates a 

comprehensive understanding of the immune response, biodistribution, and long-term effects of gene 

delivery vectors. 

Addressing these challenges requires interdisciplinary collaborations between scientists, engineers, 

clinicians, and regulatory authorities (Smye & Frangi, 2021). In summary, biomaterials play a pivotal role 

in advancing the field of gene therapy by providing innovative and effective delivery platforms for 

therapeutic genes. The integration of biomaterials with gene delivery vectors has enabled precise control 

over key parameters, resulting in improved therapeutic outcomes and reduced side effects (Yang et al., 

2020). Although further research is needed to address existing challenges and ensure successful clinical 

translation, the continuous development and optimization of biomaterial-based gene delivery systems hold 

great promise for the future of gene therapy (Yu et al., 2023). 

 

6.2) Future perspectives and outlook for bioengineered smart nano/biomaterials in gene therapy 

Gene therapy holds immense potential for the treatment of various genetic disorders and diseases. 

However, the successful delivery of therapeutic genes to target cells remains a significant challenge 

(McCain, 2005). Recent advances in bioengineering have led to the development of smart 

nano/biomaterials with enhanced properties for efficient and targeted gene delivery. 

Bioengineered smart nano/biomaterials offer several advantages for gene therapy, including improved 

stability, enhanced cellular uptake, controlled release of therapeutic genes, and targeted delivery to specific 

tissues or cells (Yu at al., 2023). These materials can be designed to protect therapeutic genes from 

degradation, overcome biological barriers, and achieve efficient cellular internalization (Blanco et al., 

2015). Furthermore, smart nano/biomaterials can be engineered to respond to specific stimuli, such as 

changes in pH, temperature, or enzymatic activity, thereby enabling controlled and site-specific gene 

expression (Hu et al., 2014). 

Researchers are actively exploring various strategies to improve the design and functionality of smart 

nano/biomaterials for gene therapy. One approach involves the integration of targeting ligands on the 

surface of nanoparticles or biomaterials, enabling specific recognition and binding to target cells. 

Additionally, the incorporation of stimuli-responsive components, such as polymers, peptides, or small 

molecules, allows for triggered gene release and activation (Tracey et al., 2021). Moreover, the 
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combination of different types of biomaterials, such as lipids, polymers, and inorganic nanoparticles, can 

provide synergistic effects and multifunctionality to enhance gene delivery efficiency (Chen et al., 2023). 

Bioengineered smart nano/biomaterials hold great promise for a wide range of gene therapy applications. 

These materials can be used to treat genetic disorders, such as cystic fibrosis, muscular dystrophy, and 

hemophilia, by delivering therapeutic genes to target cells. Furthermore, they can facilitate the 

development of personalized medicine by enabling precise control over gene expression and regulation. 

Smart nano/biomaterials also have the potential to revolutionize cancer gene therapy, allowing for targeted 

delivery of tumor-suppressing genes or gene-editing tools (Sharma et al., 2016). 

While the future of bioengineered smart nano/biomaterials in gene therapy appears promising, several 

challenges and considerations need to be addressed. These include safety concerns, immunogenicity, off-

target effects, scalability of production, and regulatory approval. Rigorous testing and evaluation of these 

materials are necessary to ensure their biocompatibility, long-term stability, and lack of adverse effects 

(Han et al., 2022). Furthermore, ethical and societal implications surrounding gene therapy and the use of 

smart nano/biomaterials should be carefully considered and addressed. 

Bioengineered smart nano/biomaterials have the potential to significantly enhance the efficacy and safety 

of gene therapy. Their unique properties enable precise control over gene delivery, targeting, and 

expression. With continued advancements in bioengineering, materials science, and gene therapy research, 

smart nano/biomaterials are poised to play a crucial role in revolutionizing the field of personalized 

medicine and providing novel therapeutic solutions for genetic disorders and diseases. 

 

References: 

1. Aflori M. (2021). Smart Nanomaterials for Biomedical Applications-A Review. Nanomaterials (Basel, 

Switzerland), 11(2), 396. https://doi.org/10.3390/nano11020396 

2. Ahmad, F., Salem-Bekhit, M. M., Khan, F., Alshehri, S., Khan, A., Ghoneim, M. M., Wu, H. F., Taha, 

E. I., & Elbagory, I. (2022). Unique Properties of Surface-Functionalized Nanoparticles for Bio-

Application: Functionalization Mechanisms and Importance in Application. Nanomaterials (Basel, 

Switzerland), 12(8), 1333. https://doi.org/10.3390/nano12081333 

3. Aljabali, A. A., Obeid, M. A., Bashatwah, R. M., Serrano-Aroca, Á., Mishra, V., Mishra, Y., El-Tanani, 

M., Hromić-Jahjefendić, A., Kapoor, D. N., Goyal, R., Naikoo, G. A., & Tambuwala, M. M. (2023). 

Nanomaterials and Their Impact on the Immune System. International journal of molecular 

sciences, 24(3), 2008. https://doi.org/10.3390/ijms24032008 

4. Alshawwa, S. Z., Kassem, A. A., Farid, R. M., Mostafa, S. K., & Labib, G. S. (2022). Nanocarrier 

Drug Delivery Systems: Characterization, Limitations, Future Perspectives and Implementation of 

Artificial Intelligence. Pharmaceutics, 14(4), 883. https://doi.org/10.3390/pharmaceutics14040883 

5. Baer, D. R., Engelhard, M. H., Johnson, G. E., Laskin, J., Lai, J., Mueller, K., Munusamy, P., 

Thevuthasan, S., Wang, H., Washton, N., Elder, A., Baisch, B. L., Karakoti, A., Kuchibhatla, S. V., & 

Moon, D. (2013). Surface characterization of nanomaterials and nanoparticles: Important needs and 

challenging opportunities. Journal of vacuum science & technology. A, Vacuum, surfaces, and films : 

an official journal of the American Vacuum Society, 31(5), 50820. https://doi.org/10.1116/1.4818423 

6. Begines, B., Ortiz, T., Pérez-Aranda, M., Martínez, G., Merinero, M., Argüelles-Arias, F., & Alcudia, 

A. (2020). Polymeric Nanoparticles for Drug Delivery: Recent Developments and Future 

Prospects. Nanomaterials (Basel, Switzerland), 10(7), 1403. https://doi.org/10.3390/nano10071403 

https://www.ijfmr.com/
https://doi.org/10.3390/nano11020396
https://doi.org/10.3390/nano12081333
https://doi.org/10.3390/ijms24032008
https://doi.org/10.3390/pharmaceutics14040883
https://doi.org/10.1116/1.4818423
https://doi.org/10.3390/nano10071403


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 16 

 

7. Behzadi, S., Serpooshan, V., Tao, W., Hamaly, M. A., Alkawareek, M. Y., Dreaden, E. C., Brown, D., 

Alkilany, A. M., Farokhzad, O. C., & Mahmoudi, M. (2017). Cellular uptake of nanoparticles: journey 

inside the cell. Chemical Society reviews, 46(14), 4218–4244. https://doi.org/10.1039/c6cs00636a 

8. Blanco, E., Shen, H., & Ferrari, M. (2015). Principles of nanoparticle design for overcoming biological 

barriers to drug delivery. Nature biotechnology, 33(9), 941–951. https://doi.org/10.1038/nbt.3330 

9. Bukhari S. N. A. (2022). Emerging Nanotherapeutic Approaches to Overcome Drug Resistance in 

Cancers with Update on Clinical Trials. Pharmaceutics, 14(4), 866. 

https://doi.org/10.3390/pharmaceutics14040866 

10. Bulcha, J. T., Wang, Y., Ma, H., Tai, P. W. L., & Gao, G. (2021). Viral vector platforms within the gene 

therapy landscape. Signal transduction and targeted therapy, 6(1), 53. https://doi.org/10.1038/s41392-

021-00487-6 

11. Cao, D., & Ding, J. (2022). Recent advances in regenerative biomaterials. Regenerative Biomaterials, 

9. https://doi.org/10.1093/rb/rbac098 

12. Caputo, F., Clogston, J. D., Calzolai, L., Rösslein, M., & Prina-Mello, A. (2019). Measuring particle 

size distribution of nanoparticle enabled medicinal products, the joint view of EUNCL and NCI-NCL. 

A step by step approach combining orthogonal measurements with increasing complexity. Journal of 

Controlled Release, 299, 31–43. https://doi.org/10.1016/j.jconrel.2019.02.030 

13. Carneiro, B. A., & El-Deiry, W. S. (2020). Targeting apoptosis in cancer therapy. Nature reviews. 

Clinical oncology, 17(7), 395–417. https://doi.org/10.1038/s41571-020-0341-y 

14. Chen, Z. Y., Wang, Y. X., Yang, F., Lin, Y., Zhou, Q. L., & Liao, Y. Y. (2014). New researches and 

application progress of commonly used optical molecular imaging technology. BioMed research 

international, 2014, 429198. https://doi.org/10.1155/2014/429198 

15. Cheng, H., Zhang, F., & Ding, Y. (2021). CRISPR/Cas9 Delivery System Engineering for Genome 

Editing in Therapeutic Applications. Pharmaceutics, 13(10), 1649. 

https://doi.org/10.3390/pharmaceutics13101649 

16. Chis, A. A., Dobrea, C., Morgovan, C., Arseniu, A. M., Rus, L. L., Butuca, A., Juncan, A. M., Totan, 

M., Vonica-Tincu, A. L., Cormos, G., Muntean, A. C., Muresan, M. L., Gligor, F. G., & Frum, A. 

(2020). Applications and Limitations of Dendrimers in Biomedicine. Molecules (Basel, 

Switzerland), 25(17), 3982. https://doi.org/10.3390/molecules25173982 

17. Chu, S., Shi, X., Tian, Y., & Gao, F. (2022). pH-Responsive Polymer Nanomaterials for Tumor 

Therapy. Frontiers in oncology, 12, 855019. https://doi.org/10.3389/fonc.2022.855019 

18. Chun, S. H., Yuk, J. S., & Um, S. H. (2018). Regulation of cellular gene expression by 

nanomaterials. Nano convergence, 5(1), 34. https://doi.org/10.1186/s40580-018-0166-x 

19. Clogston, J. D., & Patri, A. K. (2011). Zeta potential measurement. Methods in molecular biology 

(Clifton, N.J.), 697, 63–70. https://doi.org/10.1007/978-1-60327-198-1_6 

20. Das, S. K., Menezes, M. E., Bhatia, S., Wang, X. Y., Emdad, L., Sarkar, D., & Fisher, P. B. (2015). 

Gene Therapies for Cancer: Strategies, Challenges and Successes. Journal of cellular 

physiology, 230(2), 259–271. https://doi.org/10.1002/jcp.24791 

21. Din, F. U., Aman, W., Ullah, I., Qureshi, O. S., Mustapha, O., Shafique, S., & Zeb, A. (2017). Effective 

use of nanocarriers as drug delivery systems for the treatment of selected tumors. International journal 

of nanomedicine, 12, 7291–7309. https://doi.org/10.2147/IJN.S146315 

22. Doh, K. O., & Yeo, Y. (2012). Application of polysaccharides for surface modification of 

nanomedicines. Therapeutic delivery, 3(12), 1447–1456. https://doi.org/10.4155/tde.12.105 

https://www.ijfmr.com/
https://doi.org/10.1039/c6cs00636a
https://doi.org/10.1038/nbt.3330
https://doi.org/10.3390/pharmaceutics14040866
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1155/2014/429198
https://doi.org/10.3390/pharmaceutics13101649
https://doi.org/10.3390/molecules25173982
https://doi.org/10.3389/fonc.2022.855019
https://doi.org/10.1186/s40580-018-0166-x
https://doi.org/10.1007/978-1-60327-198-1_6
https://doi.org/10.1002/jcp.24791
https://doi.org/10.4155/tde.12.105


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 17 

 

23. Dufrêne Y. F. (2002). Atomic force microscopy, a powerful tool in microbiology. Journal of 

bacteriology, 184(19), 5205–5213. https://doi.org/10.1128/JB.184.19.5205-5213.2002 

24. Edis, Z., Wang, J., Waqas, M. K., Ijaz, M., & Ijaz, M. (2021). Nanocarriers-Mediated Drug Delivery 

Systems for Anticancer Agents: An Overview and Perspectives. International journal of 

nanomedicine, 16, 1313–1330. https://doi.org/10.2147/IJN.S289443 

25. Egbuna, C., Parmar, V. K., Jeevanandam, J., Ezzat, S. M., Patrick-Iwuanyanwu, K. C., Adetunji, C. 

O., Khan, J., Onyeike, E. N., Uche, C. Z., Akram, M., Ibrahim, M. S., El Mahdy, N. M., Awuchi, C. 

G., Saravanan, K., Tijjani, H., Odoh, U. E., Messaoudi, M., Ifemeje, J. C., Olisah, M. C., Ezeofor, N. 

J., … Ibeabuchi, C. G. (2021). Toxicity of Nanoparticles in Biomedical Application: 

Nanotoxicology. Journal of toxicology, 2021, 9954443. https://doi.org/10.1155/2021/9954443 

26. Fang, T., Cao, X., Ibnat, M., & Chen, G. (2022). Stimuli-responsive nanoformulations for CRISPR-

Cas9 genome editing. Journal of nanobiotechnology, 20(1), 354. https://doi.org/10.1186/s12951-022-

01570-y 

27. Farzin, A., Etesami, S. A., Quint, J., Memic, A., & Tamayol, A. (2020). Magnetic Nanoparticles in 

Cancer Therapy and Diagnosis. Advanced healthcare materials, 9(9), e1901058. 

https://doi.org/10.1002/adhm.201901058 

28. Gantenbein, B., Tang, S., Guerrero, J., Higuita-Castro, N., Salazar-Puerta, A. I., Croft, A. S., Gazdhar, 

A., & Purmessur, D. (2020). Non-viral Gene Delivery Methods for Bone and Joints. Frontiers in 

bioengineering and biotechnology, 8, 598466. https://doi.org/10.3389/fbioe.2020.598466 

29. García-Pinel, B., Porras-Alcalá, C., Ortega-Rodríguez, A., Sarabia, F., Prados, J., Melguizo, C., & 

López-Romero, J. M. (2019). Lipid-Based Nanoparticles: Application and Recent Advances in Cancer 

Treatment. Nanomaterials (Basel, Switzerland), 9(4), 638. https://doi.org/10.3390/nano9040638 

30. Gieroba, B., Kalisz, G., Krysa, M., Khalavka, M., & Przekora, A. (2023). Application of Vibrational 

Spectroscopic Techniques in the Study of the Natural Polysaccharides and Their Cross-Linking 

Process. International journal of molecular sciences, 24(3), 2630. 

https://doi.org/10.3390/ijms24032630 

31. Habibi, N., Kamaly, N., Memic, A., & Shafiee, H. (2016). Self-assembled peptide-based 

nanostructures: Smart nanomaterials toward targeted drug delivery. Nano today, 11(1), 41–60. 

https://doi.org/10.1016/j.nantod.2016.02.004 

32. Han, X., Alu, A., Liu, H., Shi, Y., Wei, X., Cai, L., & Wei, Y. (2022). Biomaterial-assisted biotherapy: 

A brief review of biomaterials used in drug delivery, vaccine development, gene therapy, and stem cell 

therapy. Bioactive materials, 17, 29–48. https://doi.org/10.1016/j.bioactmat.2022.01.011 

33. Handy, D. E., Castro, R., & Loscalzo, J. (2011). Epigenetic modifications: basic mechanisms and role 

in cardiovascular disease. Circulation, 123(19), 2145–2156. 

https://doi.org/10.1161/CIRCULATIONAHA.110.956839 

34. Herdiana, Y., Wathoni, N., Gozali, D., Shamsuddin, S., & Muchtaridi, M. (2023). Chitosan-Based 

Nano-Smart Drug Delivery System in Breast Cancer Therapy. Pharmaceutics, 15(3), 879. 

https://doi.org/10.3390/pharmaceutics15030879 

35. Herranz, F., Almarza, E., Rodríguez, I., Salinas, B., Rosell, Y., Desco, M., Bulte, J. W., & Ruiz-Cabello, 

J. (2011). The application of nanoparticles in gene therapy and magnetic resonance 

imaging. Microscopy research and technique, 74(7), 577–591. https://doi.org/10.1002/jemt.20992 

36. Hetta, H. F., Ramadan, Y. N., Al-Harbi, A. I., A Ahmed, E., Battah, B., Abd Ellah, N. H., Zanetti, S., 

& Donadu, M. G. (2023). Nanotechnology as a Promising Approach to Combat Multidrug Resistant 

https://www.ijfmr.com/
https://doi.org/10.1128/JB.184.19.5205-5213.2002
https://doi.org/10.2147/IJN.S289443
https://doi.org/10.1155/2021/9954443
https://doi.org/10.1186/s12951-022-01570-y
https://doi.org/10.1186/s12951-022-01570-y
https://doi.org/10.1002/adhm.201901058
https://doi.org/10.3389/fbioe.2020.598466
https://doi.org/10.3390/nano9040638
https://doi.org/10.3390/ijms24032630
https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1016/j.bioactmat.2022.01.011
https://doi.org/10.1161/CIRCULATIONAHA.110.956839
https://doi.org/10.3390/pharmaceutics15030879
https://doi.org/10.1002/jemt.20992


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 18 

 

Bacteria: A Comprehensive Review and Future Perspectives. Biomedicines, 11(2), 413. 

https://doi.org/10.3390/biomedicines11020413 

37. Hsu, P. D., Lander, E. S., & Zhang, F. (2014). Development and applications of CRISPR-Cas9 for 

genome engineering. Cell, 157(6), 1262–1278. https://doi.org/10.1016/j.cell.2014.05.010 

38. Hu, Q., Katti, P. S., & Gu, Z. (2014). Enzyme-responsive nanomaterials for controlled drug 

delivery. Nanoscale, 6(21), 12273–12286. https://doi.org/10.1039/c4nr04249b 

39. Jang, J. H., Schaffer, D. V., & Shea, L. D. (2011). Engineering biomaterial systems to enhance viral 

vector gene delivery. Molecular therapy : the journal of the American Society of Gene Therapy, 19(8), 

1407–1415. https://doi.org/10.1038/mt.2011.111 

40. Jiang, X., Abedi, K., & Shi, J. (2021). Polymeric nanoparticles for RNA delivery. Reference Module 

in Materials Science and Materials Engineering, B978-0-12-822425-0.00017-8. 

https://doi.org/10.1016/B978-0-12-822425-0.00017-8 

41. Kalaydina, R. V., Bajwa, K., Qorri, B., Decarlo, A., & Szewczuk, M. R. (2018). Recent advances in 

"smart" delivery systems for extended drug release in cancer therapy. International journal of 

nanomedicine, 13, 4727–4745. https://doi.org/10.2147/IJN.S168053 

42. Kole, R., Krainer, A. R., & Altman, S. (2012). RNA therapeutics: beyond RNA interference and 

antisense oligonucleotides. Nature reviews. Drug discovery, 11(2), 125–140. 

https://doi.org/10.1038/nrd3625 

43. Lee, P. Y., Costumbrado, J., Hsu, C. Y., & Kim, Y. H. (2012). Agarose gel electrophoresis for the 

separation of DNA fragments. Journal of visualized experiments : JoVE, (62), 3923. 

https://doi.org/10.3791/3923 

44. Liao, C., Li, Y., & Tjong, S. C. (2019). Bactericidal and Cytotoxic Properties of Silver 

Nanoparticles. International journal of molecular sciences, 20(2), 449. 

https://doi.org/10.3390/ijms20020449 

45. Lu, H., Zhang, S., Wang, J., & Chen, Q. (2021). A Review on Polymer and Lipid-Based Nanocarriers 

and Its Application to Nano-Pharmaceutical and Food-Based Systems. Frontiers in nutrition, 8, 

783831. https://doi.org/10.3389/fnut.2021.783831 

46. Lu, J., Wu, T., Zhang, B. et al. Types of nuclear localization signals and mechanisms of protein import 

into the nucleus. Cell Commun Signal 19, 60 (2021). https://doi.org/10.1186/s12964-021-00741-y 

47. Malatesta M. (2021). Transmission Electron Microscopy as a Powerful Tool to Investigate the 

Interaction of Nanoparticles with Subcellular Structures. International journal of molecular 

sciences, 22(23), 12789. https://doi.org/10.3390/ijms222312789 

48. Mamo, T., Moseman, E. A., Kolishetti, N., Salvador-Morales, C., Shi, J., Kuritzkes, D. R., Langer, R., 

von Andrian, U., & Farokhzad, O. C. (2010). Emerging nanotechnology approaches for HIV/AIDS 

treatment and prevention. Nanomedicine (London, England), 5(2), 269–285. 

https://doi.org/10.2217/nnm.10.1 

49. McCain J. (2005). The future of gene therapy. Biotechnology healthcare, 2(3), 52–60. 

50. Mitra, A. K., Agrahari, V., Mandal, A., Cholkar, K., Natarajan, C., Shah, S., Joseph, M., Trinh, H. M., 

Vaishya, R., Yang, X., Hao, Y., Khurana, V., & Pal, D. (2015). Novel delivery approaches for cancer 

therapeutics. Journal of controlled release : official journal of the Controlled Release Society, 219, 

248–268. https://doi.org/10.1016/j.jconrel.2015.09.067 

https://www.ijfmr.com/
https://doi.org/10.3390/biomedicines11020413
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1039/c4nr04249b
https://doi.org/10.1038/mt.2011.111
https://doi.org/10.1016/B978-0-12-822425-0.00017-8
https://doi.org/10.2147/IJN.S168053
https://doi.org/10.1038/nrd3625
https://doi.org/10.3791/3923
https://doi.org/10.3390/ijms20020449
https://doi.org/10.3389/fnut.2021.783831
https://doi.org/10.1186/s12964-021-00741-y
https://doi.org/10.3390/ijms222312789
https://doi.org/10.2217/nnm.10.1
https://doi.org/10.1016/j.jconrel.2015.09.067


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 19 

 

51. Naso, M. F., Tomkowicz, B., Perry, W. L., 3rd, & Strohl, W. R. (2017). Adeno-Associated Virus (AAV) 

as a Vector for Gene Therapy. BioDrugs : clinical immunotherapeutics, biopharmaceuticals and gene 

therapy, 31(4), 317–334. https://doi.org/10.1007/s40259-017-0234-5 

52. Nayerossadat, N., Maedeh, T., & Ali, P. A. (2012). Viral and nonviral delivery systems for gene 

delivery. Advanced biomedical research, 1, 27. https://doi.org/10.4103/2277-9175.98152 

53. Pan, X., Veroniaina, H., Su, N., Sha, K., Jiang, F., Wu, Z., & Qi, X. (2021). Applications and 

developments of gene therapy drug delivery systems for genetic diseases. Asian journal of 

pharmaceutical sciences, 16(6), 687–703. https://doi.org/10.1016/j.ajps.2021.05.003 

54. Panariti, A., Miserocchi, G., & Rivolta, I. (2012). The effect of nanoparticle uptake on cellular 

behavior: disrupting or enabling functions?. Nanotechnology, science and applications, 5, 87–100. 

https://doi.org/10.2147/NSA.S25515 

55. Pei, D., & Buyanova, M. (2019). Overcoming Endosomal Entrapment in Drug Delivery. Bioconjugate 

chemistry, 30(2), 273–283. https://doi.org/10.1021/acs.bioconjchem.8b00778 

56. Pham, S. H., Choi, Y., & Choi, J. (2020). Stimuli-Responsive Nanomaterials for Application in 

Antitumor Therapy and Drug Delivery. Pharmaceutics, 12(7), 630. 

https://doi.org/10.3390/pharmaceutics12070630 

57. Pham, S. H., Choi, Y., & Choi, J. (2020). Stimuli-Responsive Nanomaterials for Application in 

Antitumor Therapy and Drug Delivery. Pharmaceutics, 12(7), 630. 

https://doi.org/10.3390/pharmaceutics12070630 

58. Piperno, A., Sciortino, M. T., Giusto, E., Montesi, M., Panseri, S., & Scala, A. (2021). Recent Advances 

and Challenges in Gene Delivery Mediated by Polyester-Based Nanoparticles. International journal 

of nanomedicine, 16, 5981–6002. https://doi.org/10.2147/IJN.S321329 

59. Rai, R., Alwani, S., & Badea, I. (2019). Polymeric Nanoparticles in Gene Therapy: New Avenues of 

Design and Optimization for Delivery Applications. Polymers, 11(4), 745. 

https://doi.org/10.3390/polym11040745 

60. Ramamoorth, M., & Narvekar, A. (2015). Non viral vectors in gene therapy- an overview. Journal of 

clinical and diagnostic research : JCDR, 9(1), GE01–GE6. 

https://doi.org/10.7860/JCDR/2015/10443.5394 

61. Robson, T., & Hirst, D. G. (2003). Transcriptional Targeting in Cancer Gene Therapy. Journal of 

biomedicine & biotechnology, 2003(2), 110–137. https://doi.org/10.1155/S1110724303209074 

62. Sajja, H. K., East, M. P., Mao, H., Wang, Y. A., Nie, S., & Yang, L. (2009). Development of 

multifunctional nanoparticles for targeted drug delivery and noninvasive imaging of therapeutic 

effect. Current drug discovery technologies, 6(1), 43–51. 

https://doi.org/10.2174/157016309787581066 

63. Sharma, D., Arora, S., Singh, J., & Layek, B. (2021). A review of the tortuous path of nonviral gene 

delivery and recent progress. International journal of biological macromolecules, 183, 2055–2073. 

https://doi.org/10.1016/j.ijbiomac.2021.05.192 

64. Sharma, G., Sharma, A. R., Bhattacharya, M., Lee, S. S., & Chakraborty, C. (2021). CRISPR-Cas9: A 

Preclinical and Clinical Perspective for the Treatment of Human Diseases. Molecular therapy : the 

journal of the American Society of Gene Therapy, 29(2), 571–586. 

https://doi.org/10.1016/j.ymthe.2020.09.028 

https://www.ijfmr.com/
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.4103/2277-9175.98152
https://doi.org/10.1016/j.ajps.2021.05.003
https://doi.org/10.2147/NSA.S25515
https://doi.org/10.1021/acs.bioconjchem.8b00778
https://doi.org/10.3390/pharmaceutics12070630
https://doi.org/10.3390/pharmaceutics12070630
https://doi.org/10.2147/IJN.S321329
https://doi.org/10.3390/polym11040745
https://doi.org/10.7860/JCDR/2015/10443.5394
https://doi.org/10.1155/S1110724303209074
https://doi.org/10.2174/157016309787581066
https://doi.org/10.1016/j.ijbiomac.2021.05.192
https://doi.org/10.1016/j.ymthe.2020.09.028


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 20 

 

65. Shrestha, B., Wang, L., Brey, E. M., Uribe, G. R., & Tang, L. (2021). Smart Nanoparticles for Chemo-

Based Combinational Therapy. Pharmaceutics, 13(6), 853. 

https://doi.org/10.3390/pharmaceutics13060853 

66. Singh, L., Kruger, H. G., Maguire, G. E. M., Govender, T., & Parboosing, R. (2017). The role of 

nanotechnology in the treatment of viral infections. Therapeutic advances in infectious disease, 4(4), 

105–131. https://doi.org/10.1177/2049936117713593 

67. Smye, S. W., & Frangi, A. F. (2021). Interdisciplinary research: shaping the healthcare of the 

future. Future healthcare journal, 8(2), e218–e223. https://doi.org/10.7861/fhj.2021-0025 

68. Suk, J. S., Xu, Q., Kim, N., Hanes, J., & Ensign, L. M. (2016). PEGylation as a strategy for improving 

nanoparticle-based drug and gene delivery. Advanced drug delivery reviews, 99(Pt A), 28–51. 

https://doi.org/10.1016/j.addr.2015.09.012 

69. Tenchov, R., Bird, R. E., Curtze, A., & Zhou, Q. (2021). Lipid Nanoparticles─From liposomes to 

mRNA Vaccine delivery, a landscape of research diversity and advancement. ACS Nano, 15(11), 

16982–17015. https://doi.org/10.1021/acsnano.1c04996 

70. Tiwari, P. M., Vig, K., Dennis, V. A., & Singh, S. R. (2011). Functionalized Gold Nanoparticles and 

Their Biomedical Applications. Nanomaterials (Basel, Switzerland), 1(1), 31–63. 

https://doi.org/10.3390/nano1010031 

71. Torres-Vanegas, J. D., Cruz, J. C., & Reyes, L. H. (2021). Delivery Systems for Nucleic Acids and 

Proteins: Barriers, Cell Capture Pathways and Nanocarriers. Pharmaceutics, 13(3), 428. 

https://doi.org/10.3390/pharmaceutics13030428 

72. Tracey, S. R., Smyth, P., Barelle, C. J., & Scott, C. J. (2021). Development of next generation 

nanomedicine-based approaches for the treatment of cancer: we've barely scratched the 

surface. Biochemical Society transactions, 49(5), 2253–2269. https://doi.org/10.1042/BST20210343 

73. Vinod, C., & Jena, S. (2021). Nano-Neurotheranostics: Impact of Nanoparticles on Neural 

Dysfunctions and Strategies to Reduce Toxicity for Improved Efficacy. Frontiers in 

pharmacology, 12, 612692. https://doi.org/10.3389/fphar.2021.612692 

74. Wang, D., Tai, P. W. L., & Gao, G. (2019). Adeno-associated virus vector as a platform for gene therapy 

delivery. Nature reviews. Drug discovery, 18(5), 358–378. https://doi.org/10.1038/s41573-019-0012-

9 

75. Wang, X., Li, C., Wang, Y., Chen, H., Zhang, X., Luo, C., Zhou, W., Li, L., Teng, L., Yu, H., & Wang, 

J. (2022). Smart drug delivery systems for precise cancer therapy. Acta pharmaceutica Sinica. 

B, 12(11), 4098–4121. https://doi.org/10.1016/j.apsb.2022.08.013 

76. Wang, X., Zhao, X., Zhong, Y., Shen, J., & An, W. (2022). Biomimetic Exosomes: A New Generation 

of Drug Delivery System. Frontiers in bioengineering and biotechnology, 10, 865682. 

https://doi.org/10.3389/fbioe.2022.865682 

77. Witika, B. A., Makoni, P. A., Matafwali, S. K., Chabalenge, B., Mwila, C., Kalungia, A. C., Nkanga, 

C. I., Bapolisi, A. M., & Walker, R. B. (2020). Biocompatibility of Biomaterials for 

Nanoencapsulation: Current Approaches. Nanomaterials (Basel, Switzerland), 10(9), 1649. 

https://doi.org/10.3390/nano10091649 

78. Yang, R., Chen, F., Guo, J., Zhou, D., & Luan, S. (2020). Recent advances in polymeric biomaterials-

based gene delivery for cartilage repair. Bioactive materials, 5(4), 990–1003. 

https://doi.org/10.1016/j.bioactmat.2020.06.004 

https://www.ijfmr.com/
https://doi.org/10.3390/pharmaceutics13060853
https://doi.org/10.1177/2049936117713593
https://doi.org/10.7861/fhj.2021-0025
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.3390/nano1010031
https://doi.org/10.3390/pharmaceutics13030428
https://doi.org/10.1042/BST20210343
https://doi.org/10.3389/fphar.2021.612692
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1016/j.apsb.2022.08.013
https://doi.org/10.3389/fbioe.2022.865682
https://doi.org/10.3390/nano10091649
https://doi.org/10.1016/j.bioactmat.2020.06.004


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR23056647 Volume 5, Issue 5, September-October 2023 21 

 

79. Yao, J., Fan, Y., Li, Y., & Huang, L. (2013). Strategies on the nuclear-targeted delivery of 

genes. Journal of drug targeting, 21(10), 926–939. https://doi.org/10.3109/1061186X.2013.830310 

80. Yao, Y., Zhou, Y., Liu, L., Xu, Y., Chen, Q., Wang, Y., Wu, S., Deng, Y., Zhang, J., & Shao, A. (2020). 

Nanoparticle-Based Drug Delivery in Cancer Therapy and Its Role in Overcoming Drug 

Resistance. Frontiers in molecular biosciences, 7, 193. https://doi.org/10.3389/fmolb.2020.00193 

81. Yu, H., Yang, Z., Li, F., Xu, L., & Sun, Y. (2020). Cell-mediated targeting drugs delivery systems. Drug 

delivery, 27(1), 1425–1437. https://doi.org/10.1080/10717544.2020.1831103 

82. Yu, Y., Gao, Y., He, L., Fang, B., Ge, W., Yang, P., Ju, Y., Xie, X., & Lei, L. (2023). Biomaterial-based 

gene therapy. MedComm, 4(3), e259. https://doi.org/10.1002/mco2.259 

83. Zhang, N., Xiong, G., & Liu, Z. (2022). Toxicity of metal-based nanoparticles: Challenges in the nano 

era. Frontiers in bioengineering and biotechnology, 10, 1001572. 

https://doi.org/10.3389/fbioe.2022.1001572 

84. Zhang, R. X., Wong, H. L., Xue, H. Y., Eoh, J. Y., & Wu, X. Y. (2016). Nanomedicine of synergistic 

drug combinations for cancer therapy - Strategies and perspectives. Journal of controlled release : 

official journal of the Controlled Release Society, 240, 489–503. 

https://doi.org/10.1016/j.jconrel.2016.06.012 

85. Zu, H., & Gao, D. (2021). Non-viral Vectors in Gene Therapy: Recent Development, Challenges, and 

Prospects. The AAPS journal, 23(4), 78. https://doi.org/10.1208/s12248-021-00608-7 

https://www.ijfmr.com/
https://doi.org/10.3109/1061186X.2013.830310
https://doi.org/10.3389/fmolb.2020.00193
https://doi.org/10.1080/10717544.2020.1831103
https://doi.org/10.1002/mco2.259
https://doi.org/10.3389/fbioe.2022.1001572
https://doi.org/10.1016/j.jconrel.2016.06.012
https://doi.org/10.1208/s12248-021-00608-7

