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Abstract: 
 Nanomaterials have revolutionized the field of drug discovery and delivery by enabling targeted, efficient, 

and controlled release of therapeutics. This review explores the role of nanotechnology in drug development, 

with a focus on nanocarriers such as liposomes, dendrimers, polymeric nanoparticles, and inorganic 

nanomaterials. Key advantages include improved bioavailability, reduced side effects, and enhanced therapeutic 

efficacy. Several case studies highlight the success of nanomaterials in treating diseases like cancer, 

neurodegenerative disorders, and infectious diseases. The literature survey examines recent advancements and 

challenges in the clinical translation of nanomedicines. While nanotechnology offers immense potential in 

pharmaceutical sciences, concerns related to toxicity, scalability, and regulatory approval must be addressed for 

widespread adoption. This review underscores the need for interdisciplinary research to further harness the 

benefits of nanotechnology in medicine. 
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1.  Introduction 

 Nanotechnology, the manipulation of matter on the nanoscale (typically between 1 and 

100 nanometers), has been a major revolutionizing force in modern medicine, particularly in 

drug discovery and drug delivery (Ferrari, 2005; Farokhzad & Langer, 2009). By taking 

advantage of the unique physicochemical properties of nanomaterials, scientists have been 

able to create highly potent drug delivery systems that overcome significant limitations with 

conventional therapeutic approaches (Patra et al., 2018). Introduction of nanotechnology into 

pharmaceutical science has paved the way for enhanced bioavailability, increased targeting 

specificity, and increased therapeutic activity of a wide spectrum of drugs, such as small-

molecule pharmaceuticals, biologics, and gene therapies (Agarwal & Wani, 2019; Davis et 

al., 2008). 

 Traditional drug delivery approaches are generally beset by serious problems, such as 

poor aqueous solubility, short body clearance, enzymatic instability, and off-target activity 

causing unwanted side effects and less than optimal therapeutic effects (Peer et al., 2007). 

Drug delivery systems based on nanotechnology have been designed to avoid such 

problems, offering new approaches to drug encapsulation, protection of drugs from 

premature degradation, and their controlled and targeted delivery within the body (Jang & 
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Yoo, 2020; Kalluru & Uskoković, 2016). By regulating surface properties and incorporating 

targeting ligands, such nanocarriers are able to target drugs in a site-specific manner to 

diseased tissues or cellular targets, thereby enhancing the therapeutic efficacy of drugs while 

minimizing the effect on healthy cells (Allen & Cullis, 2013). 

 Among the most promising nanocarriers, various classes of nanomaterials have been of 

special interest because of their potential in drug delivery (Barenholz, 2012). Liposomes, 

composed of lipid bilayers, are widely used due to their biocompatibility and ability to 

encapsulate hydrophilic and hydrophobic drugs. Dendrimers, polymeric branched 

molecules, offer molecular control over drug conjugation and release. Biodegradable 

polymeric nanoparticles provide a flexible, adjustable platform for drug delivery (Agarwal 

& Wani, 2019). In addition, inorganic nanomaterials, such as gold nanoparticles, silica 

nanoparticles, and carbon-based nanostructures, have exhibited clear advantages in targeted 

drug delivery and imaging (Ferrari, 2005). 

 Despite these promising developments, the use of nanotechnology in drug discovery and 

delivery is not without issues. Issues of large-scale manufacture, reproducibility, stability, 

biocompatibility, and toxicity must be resolved on a large scale before such widespread 

clinical use (Farokhzad & Langer, 2009). Issues of regulation and long-term effects also need 

extensive preclinical and clinical testing to prove the safety and efficacy of nanomedicine-

based drugs (Patra et al., 2018). 

 This review aims to address the revolutionary effect of nanotechnology on drug 

discovery and delivery, with emphasis on recent advances, emerging challenges, and future 

directions in the field. By highlighting key advances in nanocarrier design, drug 

encapsulation strategies, and targeted delivery systems, this review will illuminate how 

nanotechnology is transforming the pharmaceutical research and precision medicine field. 

 

2.  Scope of Research 

 This research focuses on the cutting-edge developments in nanotechnology for drug 

discovery and delivery, with an emphasis on the potential of nanocarriers such as liposomes, 

dendrimers, polymeric nanoparticles, and inorganic nanomaterials. The study specifically 

aims to address: 

 Design and Development: Exploring various strategies for creating effective 

nanocarriers to enhance drug delivery, targeting, and controlled release (Allen & 

Cullis, 2013). 

 Therapeutic Applications: Investigating the use of nanocarriers in treating 

conditions like cancer, neurodegenerative disorders, and infectious diseases 

(Barenholz, 2012). 

 Safety and Regulatory Concerns: Assessing the safety profiles of nanocarriers and 

the regulatory challenges involved, focusing on toxicity, scalability, and 

manufacturing issues (Farokhzad & Langer, 2009; Patra et al., 2018). 
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 Future Perspectives: Offering insights into the future trends in nanotechnology for 

drug delivery, including personalized medicine, immunotherapy, and precision 

drug targeting (Ferrari, 2005; Peer et al., 2007). 

This comprehensive investigation aims to provide a thorough understanding of the current 

advancements and future directions in this exciting field of study. 

 

3.  Methodology:  

 The methodology for this paper is grounded in a comprehensive survey of literature on 

online articles and other credible sources. It entails the examination of peer-reviewed 

journals, industry publications, books, conference papers, and online databases such as 

PubMed, ScienceDirect, and Google Scholar. The review of literature is centered on the 

design and development of nanocarriers like liposomes, dendrimers, polymeric 

nanoparticles, and inorganic nanomaterials, looking at their therapeutic uses, safety profiles, 

and regulatory issues. Individual case studies, such as Doxil, nanoparticle-mediated siRNA 

delivery, and blood-brain barrier crossing strategies, are examined to demonstrate the real-

world applications of nanotechnology in drug delivery. The data gathered is qualitatively 

examined to determine important themes, trends, and findings, with ethical considerations 

guaranteeing the validity and reliability of the information. The research considers 

limitations like the use of secondary data and the fast-paced nature of the discipline, seeking 

to offer a balanced and holistic perspective on the role of nanotechnology in drug 

development and delivery. 

 

4.  Literature Survey 

4.1 Nanocarriers for Drug Delivery 

 The success of nanotechnology in drug delivery relies on the design, composition, and 

functionality of nanocarriers. These carriers ensure precise delivery of therapeutic agents to 

target locations, improving efficacy and reducing side effects. Various nanocarriers have 

been studied and optimized for biomedical uses (Ferrari, 2005). Below are some widely 

explored nanocarriers and their roles in drug delivery: 

 

1.  Liposomes 

 Liposomes are spherical vesicles with phospholipid bilayers, making them suitable for 

drug delivery (Allen & Cullis, 2013). They can encapsulate both hydrophilic and lipophilic 

drugs. Liposomes improve drug solubility, pharmacokinetics, and enable controlled release. 

Modifications like PEGylation increase circulation time, and ligand conjugation allows 

active targeting. Clinical successes include Doxil for cancer treatment and AmBisome for 

antifungal therapies (Barenholz, 2012). Advanced systems like stimuli-responsive and 

stealth liposomes are under development for better therapeutic outcomes. 

 

2. Dendrimers 

 Dendrimers are branched, tree-shaped macromolecules with a clearly defined, nanoscale 

structure (Kalluru & Uskoković, 2016).  
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 Their monodisperse size, multivalent surface functionality, and internal cavities render 

them perfect for encapsulating and conjugating drugs, targeting ligands, and imaging 

agents. Dendrimers have precise drug loading and controlled release characteristics, 

rendering them ideal for cancer therapy, gene delivery, and antimicrobial drugs. 

Poly(amidoamine) (PAMAM) dendrimers are perhaps the most widely investigated, with 

functionalized derivatives prepared for greater cellular uptake and lower toxicity. 

Dendrimer systems may be designed with stimulus-sensitive characteristics to provide pH- 

or enzyme-responsive drug release in tumour microenvironments. 

  

3.  Polymeric Nanoparticles:  

 Polymeric nanoparticles are solid, colloidal drug carriers made of biodegradable and 

biocompatible polymers like poly (lactic-co-glycolic acid) (PLGA), chitosan, and 

polycaprolactone (Agarwal & Wani, 2019). Polymeric nanoparticles are used extensively for 

controlled and sustained release of drugs, enhancing drug stability and bioavailability. 

Targeting moieties like antibodies or peptides can be used for functionalization, enabling 

selective delivery of drugs to diseased tissues. Polymeric nanoparticles can react to certain 

physiological stimuli such as pH, temperature, or enzymes for site-specific drug delivery. 

Some examples are Abraxane, an albumin-bound nanoparticle delivery system of paclitaxel 

in cancer treatment, and polymeric micelles for delivering low solubility drugs. 

 

4.  Inorganic Nanomaterials: 

 Inorganic nanoparticles have some distinct physical, optical, and magnetic properties 

that make them viable drug delivery vehicles. These are: 

 Gold Nanoparticles (AuNPs): AuNPs are very tunable and can be 

functionalized with therapeutic agents, antibodies, or nucleic acids for 

targeted drug delivery. Their surface plasmon resonance (SPR) characteristics 

render them useful in photothermal therapy (PTT), where they are used to 

convert light into heat to kill tumor cells while at the same time delivering 

drugs. 

 Silica Nanoparticles: Mesoporous silica nanoparticles (MSNs) have a high 

surface area and tunable pore diameters for large drug-loading capacity. Their 

surface can be modified for controlled release and active targeting, and thus 

they are found to be valuable in cancer treatment, imaging, and gene delivery. 

 Magnetic Nanoparticles (MNPs): Largely composed of iron oxide (Fe3O4 or 

γ-Fe2O3), magnetic nanoparticles can be manipulated with the aid of external 

magnetic fields to direct site-specific drug delivery. MNPs find significant 

application in hyperthermia therapies, wherein drug penetration and cancer 

cell killing are enhanced through local heating. 
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 Quantum Dots (QDs): As semiconductor nanoparticles, quantum dots 

possess fluorescent characteristics to support simultaneous drug delivery and 

bioimaging with the ability to track real-time distribution and drug activity. 

 Nanocarrier design and optimization continue to offer new, efficient, and 

targeted drug delivery solutions. Through further research, the technologies 

have potential uses in personalized medicine and enhanced treatment for 

many conditions, such as cancer, neurological disorders, and infectious 

disease. 

 

4.2 Case Studies in Drug Delivery 

1. Doxil–Liposomal Doxorubicin for Cancer Therapy: 

 Case Study: Doxil is a liposomal delivery of Doxorubicin, a chemotherapy medication 

for the treatment of several types of cancers such as ovarian cancer, breast cancer, and 

Kaposi's sarcoma. Liposomal drug delivery of Doxorubicin enhances the drug's 

pharmacokinetics by lessening systemic toxicity, especially cardiotoxicity. Doxil is among 

the first FDA-approved nanomedicines that were able to demonstrate effectively how 

liposomal drug delivery could enhance the safety and efficacy of a chemotherapy drug. By 

encapsulating Doxorubicin in a lipid bilayer, the drug is more protected from premature 

degradation, and it is delivered more efficiently to the tumour site, reducing damage to 

healthy tissues. This formulation has been extensively utilized and is used as a reference for 

other drug delivery systems based on nanoparticles. 

 

2.  Nanoparticle-Based Delivery of siRNA for Cancer Therapy 

 Case Study: One of the promising strategies for cancer therapy is the application of small 

interfering RNA (siRNA) to suppress certain genes responsible for cancer cell growth. 

Nevertheless, the clinical application of siRNA has been hindered by its poor delivery, such 

as low stability and poor cellular uptake. Scientists have designed nanoparticles, like lipid 

nanoparticles (LNPs), to encapsulate and deliver siRNA. An interesting case is that of 

designing LNPs for the delivery of siRNA that targets the gene involved in the production 

of a protein named PD-L1, which is implicated in immune evasion by cancer cells. The 

nanoparticles facilitate efficient delivery of the siRNA to cancer cells, leading to immune 

system recognition and killing of cancer cells. This strategy is in clinical trials and shows 

promise for the treatment of numerous cancers, such as melanoma and non-small cell lung 

cancer. 

 

3.  Crossing the Blood-Brain Barrier with Nanocarriers 

 Case Study: A significant problem with the treatment of neurological disorders like 

Alzheimer's disease and Parkinson's disease is drug delivery through the blood-brain barrier 

(BBB). Nanocarriers have been recognized as a suitable solution to the issue. As an example, 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been constructed for the transport 

of anti-inflammatory drugs and neuroprotective molecules through the BBB.  
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 These nanoparticles may be functionalized with targeting ligands, including antibodies 

or peptides, to increase their capacity to cross the BBB. PLGA nanoparticles, in preclinical 

studies, have been found to hold potential in delivering neuroprotective agents to the brain, 

resulting in therapeutic improvements in models of neurodegenerative diseases. These 

advances show promise for the treatment of long-standing diseases that have proven hard 

to treat owing to the restrictive nature of the BBB. 

 

4.3  Challenges in Nanomedicine 

 Despite the tremendous potential of nanotechnology, several challenges remain that 

hinder its widespread clinical application: 

 Toxicity: One of the major concerns regarding nanomedicines is the potential toxicity of 

nanoparticles. The small size of nanoparticles enables them to interact with biological 

systems in unexpected ways. They can accumulate in organs such as the liver, spleen, and 

kidneys, leading to potential toxicity. It is critical to assess the biocompatibility and safety of 

nanomaterials through extensive preclinical and clinical studies before they are widely used. 

 Scalability: While laboratory-scale production of nanocarriers has been successfully 

demonstrated, scaling up production to meet clinical demand remains a significant 

challenge. Ensuring that nanoparticles can be produced in large quantities with consistent 

quality is essential for the commercialization of nanomedicines. 

 Regulatory Approval: The regulatory landscape for nanomaterials in medicine is still 

evolving. Regulatory agencies such as the FDA have yet to establish comprehensive 

guidelines for the approval of nanomedicines. The unique properties of nanomaterials, 

including their size, surface chemistry, and potential toxicity, present challenges in the 

regulatory assessment and approval process. 

 Cost and Resource Intensive: The development of nanomedicines requires significant 

financial investment, specialized facilities, and technical expertise. The costs associated with 

research, development, and manufacturing can be prohibitively high, limiting the 

accessibility and affordability of nanomedicines. 

 Long-Term Stability: Ensuring the long-term stability of nanocarriers can be 

challenging. Nanoparticles may undergo physical or chemical changes over time, which can 

affect their efficacy and safety. Stability issues can arise during storage, transportation, and 

use, making it essential to develop robust formulations. 

 Patient-Specific Responses: Individual variations in patients' biological systems can 

lead to different responses to nanomedicines. Factors such as age, genetics, and underlying 

health conditions can influence the effectiveness and safety of nanocarriers. Personalized 

approaches may be required to optimize treatment outcomes. 

 Ethical Considerations: The use of nanotechnology in medicine raises ethical questions 

related to patient consent, privacy, and the potential for unintended consequences. 

Addressing these ethical considerations is crucial to ensure the responsible development and 

application of nanomedicines. 

 Complex Manufacturing Processes: The production of nanocarriers involves complex 

and precise manufacturing processes.  
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 Maintaining consistency and quality control during large-scale production can be 

challenging, and deviations in the manufacturing process can impact the final product's 

safety and efficacy. 

 Environmental Impact: The environmental impact of nanomaterials and their disposal 

is an area of concern. The release of nanoparticles into the environment during production, 

use, or disposal can have unintended ecological consequences. Research is needed to 

understand and mitigate the environmental risks associated with nanomedicines. 

 

5. Conclusions 

 Nanotechnology has transformed drug discovery and delivery by making it possible to 

create nanocarriers that provide targeted, efficient, and controlled drug release. 

Nanocarriers like liposomes, dendrimers, polymeric nanoparticles, and inorganic 

nanomaterials have shown great potential in enhancing therapeutic efficacy, minimizing 

side effects, and maximizing drug bioavailability. Case studies like Doxil, nanoparticle-

mediated siRNA delivery, and blood-brain barrier crossing strategies demonstrate the 

effective use of nanotechnology in the treatment of multifaceted diseases like cancer and 

neurodegenerative disorders. Despite this, issues of toxicity, scalability, and regulatory 

approval persist and need to be overcome to facilitate the widespread clinical use of 

nanomedicines. Future research needs to address these challenges through interdisciplinary 

research, sophisticated manufacturing methods, and strong regulatory frameworks. The 

future of nanotechnology in drug discovery and delivery is still enormous, and its ongoing 

evolution will continue to enhance patient outcomes and revolutionize the face of 

contemporary medicine. 
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