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Abstract 

Nanotechnology has emerged as a transformative approach in oncology, particularly in targeted 

drug delivery systems for cancer therapy. The ability of nanocarriers to deliver anticancer agents 

directly to tumor cells while sparing healthy tissues enhances therapeutic outcomes and reduces 

systemic toxicity. This paper explores recent advances in nanotechnology-enabled drug delivery 

platforms, such as liposomes, dendrimers, polymeric nanoparticles, and gold nanoparticles, with 

emphasis on their application in precision oncology. The integration of tumor-targeting ligands, 

stimuli-responsive release mechanisms, and real-time imaging agents signifies a leap toward 

personalized medicine. Furthermore, we discuss the current progress, challenges, and future 

directions of nanomedicine research in Pakistan, highlighting local contributions and collaborative 

initiatives. 
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Introduction 

Cancer remains one of the leading causes of death worldwide, with chemotherapy being a conventional 

but often non-specific treatment modality. The emergence of nanotechnology in drug delivery 

addresses the critical need for selectivity, reduced dosage frequency, and minimized side effects [1,2]. 

Nanocarriers exploit the enhanced permeability and retention (EPR) effect, allowing for accumulation 

in tumor tissues [3]. Moreover, functionalization with ligands such as antibodies or peptides facilitates 

active targeting of tumor-specific receptors [4]. In Pakistan, increasing cancer incidence and limited 

treatment access highlight the urgency of adopting cutting-edge technologies, including nanomedicine 

[5,6]. 

1. Overview of Nanocarriers in Cancer Therapy 

Nanocarriers are engineered nanoscale materials designed for the efficient delivery of therapeutic 

agents to cancerous tissues while minimizing off-target effects. They have significantly advanced the 

field of oncology by improving drug solubility, bioavailability, and circulation time. Moreover, these 

systems facilitate precise targeting of tumor cells through both passive and active mechanisms. 
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1.1 Classification of Nanocarriers 

Nanocarriers used in cancer therapy are typically categorized based on their composition and structural 

characteristics: 

• Liposomes: These are spherical vesicles consisting of one or more phospholipid bilayers 

surrounding an aqueous core. Liposomes can encapsulate both hydrophilic and hydrophobic drugs. 

Doxil® is the first FDA-approved liposomal drug for cancer treatment [7]. 

• Dendrimers: Highly branched, tree-like synthetic polymers that offer precise control over size, 

shape, and surface functionality. Their internal cavities can encapsulate drugs, while surface groups 

can be functionalized for targeting [8]. 

• Polymeric Nanoparticles: These particles are made from biodegradable polymers like PLGA or 

PEG and offer controlled drug release. They can be engineered to respond to specific biological 

stimuli such as pH or enzymes. 

• Metallic Nanoparticles: Common examples include gold and silver nanoparticles. Their unique 

optical and thermal properties enable applications in photothermal therapy and imaging, in addition 

to drug delivery. 

1.2 Mechanisms of Drug Delivery via Nanocarriers 

• Enhanced Permeability and Retention (EPR) Effect: Tumors have leaky vasculature and poor 

lymphatic drainage, allowing nanocarriers to preferentially accumulate in tumor tissues through 

passive targeting [9]. 

• Passive Targeting: Relies on the EPR effect without the need for specific targeting moieties. It is 

most effective in solid tumors with highly permeable vasculature. 

• Active Targeting: Involves modifying nanocarrier surfaces with ligands such as folic acid, 

transferrin, or monoclonal antibodies that bind specifically to receptors overexpressed on cancer 

cells. This enhances cellular uptake and therapeutic efficacy. 

Nanocarriers represent a diverse and adaptable platform that can be tailored to specific therapeutic 

needs in cancer treatment. Their classification and mechanisms highlight the innovation driving current 

and future breakthroughs in oncology drug delivery systems. 

2. Targeting Strategies and Functionalization 

Effective delivery of chemotherapeutics using nanocarriers hinges not only on their ability to reach the 

tumor site but also on their capacity to penetrate tumor cells with precision. Functionalization of 

nanocarrier surfaces with specific targeting moieties and design features enhances selectivity, improves 

therapeutic efficacy, and minimizes off-target toxicity. 

2.1 Ligand-Based Targeting 

One of the most widely adopted strategies for achieving active targeting involves conjugating 

nanocarrier surfaces with ligands that bind specifically to receptors overexpressed on cancer cells: 

• Folate Receptors: Many cancers, such as ovarian and breast cancers, overexpress folate receptors. 

Folate-conjugated nanoparticles can selectively bind to these receptors, increasing uptake by 

cancerous tissues [10]. 
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• Transferrin: Transferrin receptors are upregulated in rapidly proliferating tumor cells due to their 

high iron demands. Nanoparticles conjugated with transferrin can exploit this overexpression for 

targeted delivery. 

• HER2 Antibodies: Human epidermal growth factor receptor 2 (HER2) is overexpressed in a subset 

of breast cancers. Nanocarriers functionalized with trastuzumab (Herceptin®) or its fragments can 

provide specific delivery to HER2-positive tumors. 

Such ligand-based systems enhance cellular uptake via receptor-mediated endocytosis and significantly 

improve drug accumulation in cancer cells. 

2.2 Stimuli-Responsive Systems 

To further refine targeting and ensure controlled drug release at the tumor site, nanocarriers can be 

engineered to respond to intrinsic or extrinsic stimuli: 

• pH-Sensitive Carriers: The tumor microenvironment is typically more acidic than normal tissue 

(pH ~6.5–6.8). pH-sensitive polymers degrade or swell under these conditions, triggering drug 

release [11]. 

• Enzyme-Responsive Nanocarriers: Overexpression of specific enzymes such as matrix 

metalloproteinases (MMPs) or cathepsins in tumors can be exploited by designing enzyme-

cleavable linkers in the nanoparticle structure [12]. 

• Temperature-Sensitive Systems: Mild hyperthermia (40–42°C) at tumor sites can be used to 

trigger drug release from thermosensitive liposomes or polymers, often applied in conjunction with 

external heating methods. 

These "smart" nanocarriers improve spatial and temporal control over drug release, reducing premature 

leakage and improving therapeutic efficiency. 

2.3 Surface Modifications to Evade Immune Clearance 

One of the major challenges in systemic nanoparticle delivery is rapid clearance by the mononuclear 

phagocyte system (MPS), especially in the liver and spleen. To enhance circulation time: 

• PEGylation: The attachment of polyethylene glycol (PEG) to nanocarrier surfaces creates a 

hydrophilic stealth layer that reduces protein adsorption and opsonization, thereby evading 

macrophage detection [13]. 

• Zwitterionic Coatings and Biomimetic Shields: Emerging approaches involve coating 

nanoparticles with cell membranes (e.g., red blood cell or platelet membranes) or zwitterionic 

polymers that mimic biological surfaces, enhancing immune evasion and prolonging systemic 

circulation. 

The functionalization of nanocarriers with targeting ligands and stimuli-responsive features, coupled 

with surface modifications to avoid immune recognition, is central to the success of targeted cancer 

nanotherapy. These innovations collectively advance the field toward safer and more effective cancer 

treatments. 

3. Recent Technological Advances in Nanodrug Delivery 
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The field of nanomedicine is rapidly evolving, with technological innovations enabling nanocarriers to 

serve not only as passive drug vehicles but as multifunctional systems capable of performing complex 

tasks such as diagnostics, real-time imaging, and genome editing. These advances hold significant 

promise for improving the precision, personalization, and effectiveness of cancer treatment. 

3.1 Smart Nanoparticles for Controlled Release 

Smart nanoparticles are engineered to respond to internal or external triggers—such as pH, temperature, 

redox gradients, or light—to release therapeutic agents in a controlled manner at the target site [14]. 

These systems enhance drug bioavailability, reduce systemic toxicity, and mitigate premature release. 

• Polymeric micelles and hydrogels are among the leading platforms for pH-responsive release in 

acidic tumor microenvironments. 

• Photoresponsive nanocarriers, triggered by near-infrared (NIR) light, enable on-demand drug 

release with high spatial resolution, allowing for targeted treatment of tumors with minimal damage 

to surrounding tissues. 

• Redox-responsive carriers, which release drugs in response to elevated intracellular glutathione 

levels, are especially effective in cancer cells that maintain higher redox potential than normal 

tissues. 

These intelligent delivery systems contribute to improved patient outcomes by synchronizing drug 

release with tumor-specific cues. 

3.2 Theranostic Nanoparticles Combining Therapy and Imaging 

The integration of therapeutic and diagnostic functionalities—termed theranostics—is a revolutionary 

development in cancer treatment. Theranostic nanoparticles allow for simultaneous drug delivery and 

imaging, facilitating real-time monitoring of treatment efficacy and biodistribution [15]. 

• Superparamagnetic iron oxide nanoparticles (SPIONs) conjugated with anticancer drugs can be 

visualized using MRI, enabling clinicians to track drug delivery and tumor response. 

• Quantum dots and gold nanoparticles serve as contrast agents in optical and CT imaging while 

carrying therapeutic payloads, creating dual-function systems. 

• This approach enhances personalized medicine by enabling image-guided therapy, immediate 

assessment of therapeutic outcomes, and adaptive dosing strategies. 

3.3 CRISPR-Loaded Nanoparticles for Gene Editing in Cancer 

One of the most groundbreaking advances in nanodrug delivery is the use of nanoparticles to transport 

CRISPR-Cas9 gene-editing tools directly to cancer cells [16]. This approach offers the potential to 

correct oncogenic mutations at their source rather than merely suppressing downstream effects. 

• Lipid nanoparticles (LNPs) are currently the most effective non-viral vectors for CRISPR 

delivery due to their biocompatibility and efficient endosomal escape mechanisms. 

• Target genes such as KRAS, TP53, and EGFR have been edited in preclinical models using 

CRISPR-loaded nanocarriers, demonstrating tumor suppression and reduced metastasis. 

• This method bypasses the risks associated with viral vectors (e.g., immunogenicity and insertional 

mutagenesis) and represents a safer, programmable, and precise therapeutic platform. 
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Although still in early stages, CRISPR-loaded nanocarriers could redefine cancer therapy by enabling 

long-lasting genetic corrections and offering curative potential. 

These recent technological advances in nanodrug delivery systems—smart release mechanisms, 

theranostic capabilities, and gene-editing functionality—have transformed cancer treatment into a more 

intelligent and patient-specific endeavor. As research progresses, these innovations are expected to play 

a pivotal role in next-generation oncology. 

4. Clinical Trials and Translational Challenges 

While nanotechnology-based drug delivery systems have demonstrated significant promise in 

preclinical research, the journey from laboratory bench to clinical bedside is complex and fraught with 

challenges. Bridging this translational gap requires overcoming regulatory, safety, economic, and 

infrastructural barriers. This section explores the current status of clinical trials globally and regionally, 

as well as the core impediments to widespread clinical adoption, particularly in low- and middle-

income countries like Pakistan. 

4.1 Global and Regional Clinical Trials Overview 

Over the past two decades, a growing number of nanomedicines have entered clinical trials, targeting 

a wide range of cancers, including breast, lung, ovarian, and glioblastoma [17]. 

• Globally, over 150 nanodrug formulations have progressed to various stages of clinical evaluation, 

with several already approved (e.g., Doxil®, Abraxane®). 

• Liposomal formulations dominate clinical trials due to their established safety profile and scalable 

production processes. 

• In South Asia, however, nanomedicine clinical trials remain sparse. Pakistan has seen preliminary 

trials focused on liposome-based curcumin, gold nanoparticles, and chitosan-based nano-

formulations at institutions like NIBGE, COMSATS, and ICCBS. 

Lack of centralized trial registries, funding constraints, and limited research infrastructure contribute 

to the slow pace of clinical translation in the region. 

4.2 Regulatory Hurdles and Toxicity Evaluation 

Unlike conventional small-molecule drugs, nanocarriers possess complex physicochemical properties 

that influence their biological interactions, making regulatory approval more complicated [18]. 

• Regulatory agencies like the U.S. FDA and EMA require comprehensive evaluation of 

nanomedicines' pharmacokinetics, biodistribution, immunogenicity, and long-term toxicity. 

• Key regulatory issues include defining “nano-specific” guidelines, standardizing characterization 

protocols, and assessing reproducibility across batches. 

• In Pakistan, the absence of a dedicated nanomedicine regulatory framework within the Drug 

Regulatory Authority of Pakistan (DRAP) presents a significant barrier. Currently, most 

evaluations follow traditional pharmaceutical pathways, which may not adequately address the 

intricacies of nanodrugs. 

Preclinical toxicity evaluation using advanced models (e.g., organoids, humanized mice) is necessary 
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to predict human responses and gain regulatory approval. 

4.3 Cost-Effectiveness and Patient Accessibility in Low-Income Settings 

Despite their therapeutic advantages, nanomedicines are often expensive due to high development, 

characterization, and manufacturing costs [19]. This raises concerns about their affordability and 

accessibility in resource-constrained healthcare systems. 

• High upfront costs of nanoparticles, limited reimbursement policies, and dependency on imports 

make it challenging for hospitals in Pakistan to adopt these treatments. 

• Additionally, the lack of domestic large-scale GMP (Good Manufacturing Practices) facilities for 

nanoparticle production hinders cost reduction. 

• Nonetheless, some locally developed nanoformulations (e.g., nano-curcumin, silver-chitosan 

composites) show potential for cost-effective applications if supported by public funding, policy 

backing, and industry-academia partnerships. 

Efforts must focus on developing scalable, affordable platforms and ensuring equitable distribution to 

ensure that cutting-edge nanomedicine benefits are accessible beyond elite urban centers. 

Although clinical trials for nanodrug delivery are expanding globally, significant translational 

challenges persist, especially in developing countries like Pakistan. Regulatory gaps, safety concerns, 

and affordability remain the key obstacles. Overcoming these barriers will require harmonized 

regulations, international collaboration, and localized production capabilities. 

5. Nanomedicine Research in Pakistan: Progress and Prospects 

Pakistan has witnessed a gradual but noteworthy expansion in nanomedicine research, driven by 

academic institutions, government research bodies, and emerging collaborations. While still in its early 

stages compared to developed nations, the country's progress demonstrates significant potential for 

innovation, localized solutions, and capacity-building in cancer nanotherapy. 

5.1 Contributions by Institutions: NIBGE, COMSATS, ICCBS 

Several key institutions in Pakistan are actively contributing to the development and application of 

nanotechnology in cancer treatment [20]: 

• National Institute for Biotechnology and Genetic Engineering (NIBGE), Faisalabad: 

Pioneered the synthesis of gold and silver nanoparticles functionalized with plant extracts and 

anticancer drugs. NIBGE researchers have published extensively on cytotoxic evaluation of these 

particles against cancer cell lines (e.g., MCF-7, HeLa). 

• COMSATS University Islamabad (CUI): Through its nanosciences department, COMSATS has 

focused on polymeric nanoparticles for drug delivery, including biodegradable systems loaded with 

curcumin and doxorubicin. Collaborative research with clinical institutions is increasing to 

facilitate translational impact. 

• International Center for Chemical and Biological Sciences (ICCBS), Karachi: Known for 

advanced analytical capabilities and bioassays, ICCBS has developed nano-liposomes and nano-

emulsions for anticancer therapy. Their work has emphasized physicochemical characterization, 

stability profiling, and in vitro drug release kinetics. 
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These institutions not only contribute to scientific advancement but also serve as training hubs for 

nanomedicine research in Pakistan. 

5.2 Local Formulation of Nano-Drugs 

Efforts are underway in Pakistan to develop indigenous formulations of nanodrugs that are cost-

effective and tailored to local healthcare challenges: 

• Curcumin Nanoparticles: Multiple studies at CUI and NIBGE have focused on enhancing the 

solubility and bioavailability of curcumin—a natural anti-inflammatory compound—through nano-

encapsulation. Results show improved cytotoxicity against cancer cells while retaining 

biocompatibility. 

• DOX-Liposomes: Liposomal formulations of doxorubicin (DOX), inspired by FDA-approved 

Doxil®, have been successfully developed in research settings. These show potential for reduced 

cardiotoxicity and enhanced tumor-specific delivery. 

• Green Synthesized Nanoparticles: Using indigenous medicinal plants (e.g., neem, moringa), 

researchers are developing eco-friendly methods to produce gold and silver nanoparticles with 

intrinsic anticancer properties. 

These locally formulated drugs, though mostly at the preclinical stage, show promise for clinical 

translation if supported with infrastructure and regulatory alignment. 

5.3 Future Roadmaps: Policy Support, Funding, Public-Private Partnerships 

For Pakistan to fully harness the potential of nanotechnology in cancer therapy, a structured national 

roadmap is essential: 

• Policy Support: A dedicated nanomedicine policy under the Ministry of Science and Technology 

(MoST) and integration into the National Cancer Control Program could promote coordinated 

development and oversight. 

• Increased Funding: The Higher Education Commission (HEC), Pakistan Science Foundation 

(PSF), and other funding bodies should allocate targeted grants for nanomedicine projects, 

especially those that align with national health priorities. 

• Public-Private Partnerships (PPPs): Collaborations between universities, pharmaceutical 

companies, and healthcare providers are critical for scaling up production, conducting clinical 

trials, and ensuring technology transfer. Examples include joint projects for nanoformulation 

packaging and cold chain logistics. 

• Capacity Building: Establishment of interdisciplinary centers of excellence in nanomedicine and 

training programs for researchers, clinicians, and regulators can accelerate innovation and 

implementation. 

While nanomedicine in Pakistan is still developing, the country has laid foundational research with 

strong institutional backing. The formulation of indigenous nano-drugs and strategic policy actions can 

position Pakistan as a regional leader in affordable cancer nanotherapy. 

Naveed Rafaqat Ahmad is a researcher and practitioner with expertise in artificial intelligence 

applications, knowledge systems, and governance studies. His research focuses on the intersection of 

human decision-making and intelligent technologies, with particular emphasis on productivity 
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Figure 1: Bar Chart – Types of Nanocarriers Used in Cancer Drug Delivery (2020–2025) 

• X-axis: Types of Nanocarriers (Liposomes, Polymeric NPs, Dendrimers, Gold NPs) 

• Y-axis: Number of Published Studies (Pakistan-focused) 

 

Figure 2: Pie Chart – Targeting Strategies Used in Cancer Nanomedicine 

• Segments: Ligand-based, pH-sensitive, enzyme-responsive, thermal, magnetic targeting 

Summary 

Nanotechnology has profoundly reshaped the cancer therapeutic landscape through its precision, 

efficacy, and adaptability. This article has provided a comprehensive analysis of the types, mechanisms, 

and functionalization techniques of nanocarriers for targeted drug delivery. In addition, it outlined 

clinical applications and Pakistan’s burgeoning nanomedicine landscape, where institutional research 

and pilot-scale formulations are gaining traction. Despite regulatory, economic, and infrastructural 

barriers, nanotechnology remains a promising tool in fighting cancer in resource-constrained regions. 

Future directions include personalized nanomedicine, smart hybrid systems, and scaled manufacturing 
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of biocompatible carriers. 
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