
* Corresponding author: B Naga Shubha 

Copyright © 2025 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0. 

Regulatory challenges in complex generics: A focus on liposomal and nanoparticulate 
drug products  

Kateregga Ismael 1 and B Naga Shubha 2, * 

1 Department of Industrial Pharmacy, Raghavendra Institute of Pharmaceutical Education and Research (RIPER)-
Autonomous, Anantapuramu-515721, Andhra Pradesh, India. 
2 Department of Pharmaceutics, Raghavendra Institute of Pharmaceutical Education and Research (RIPER)-Autonomous, 
Anantapuramu-515721, Andhra Pradesh, India. 

International Journal of Science and Research Archive, 2025, 14(03), 834-849 

Publication history: Received on 06 February 2025; revised on 15 March 2025; accepted on 17 March 2025 

Article DOI: https://doi.org/10.30574/ijsra.2025.14.3.0730 

Abstract 

Complex generics, particularly liposomal and nanoparticulate drug products, pose unique regulatory challenges due to 
their intricate formulations, specialized delivery mechanisms, and physicochemical properties. Unlike traditional 
generics, these formulations require rigorous characterization, bioequivalence assessments, and in-depth in vitro and 
in vivo studies to ensure therapeutic equivalence. Regulatory agencies such as the FDA, EMA, and ICH have developed 
specific guidelines, yet differences in global regulatory frameworks persist, adding complexity to the approval process. 
Key hurdles include demonstrating sameness in composition, stability, and clinical efficacy, necessitating advanced 
analytical techniques and alternative bioequivalence methodologies like physiologically based pharmacokinetic (PBPK) 
modeling and in vitro–in vivo correlation (IVIVC). Manufacturing consistency, batch-to-batch reproducibility, and 
quality control further complicate the regulatory landscape, requiring stringent validation protocols. This review 
explores the evolving regulatory pathways, recent advancements in characterization tools, and the role of AI in 
streamlining approvals. Harmonizing international guidelines and fostering industry-academia collaboration will be 
crucial in overcoming regulatory barriers and accelerating the market entry of complex generics. The insights presented 
herein will aid pharmaceutical scientists, regulatory professionals, and policymakers in navigating the challenges 
associated with developing and approving liposomal and nanoparticulate generic drugs. 

Keywords:  Bioequivalence assessment; Complex generics; Liposomal drug products; Nanoparticulate formulations; 
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1. Introduction

1.1. Overview of Complex Generics 

1.1.1. Definition and Significance of Complex Generics 

Complex generics are a category of generic drugs that exhibit complexities in their formulation, route of delivery, or 
active ingredient properties, making their approval and regulatory pathways more challenging than traditional 
generics(1, 2). According to the U.S. Food and Drug Administration (FDA), complex generics include products with 
complex active ingredients (e.g., peptides, liposomes), complex formulations (e.g., nanoparticles, microspheres), 
complex routes of administration (e.g., transdermal, inhalation), and complex drug-device combinations(3). These 
products are designed to offer the same therapeutic benefits as their reference-listed drugs (RLDs) while ensuring 
comparable safety, efficacy, and quality(4). Due to their intricate nature, demonstrating bioequivalence (BE) and 
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pharmaceutical equivalence requires advanced analytical, in vitro, and in vivo studies, often making their development 
more resource-intensive(5). 

1.1.2. Distinction from Traditional Generics 

Unlike traditional small-molecule generics, which primarily require bioequivalence studies to gain regulatory approval, 
complex generics involve additional layers of evaluation, including structural characterization, formulation sameness, 
and alternative BE assessment methods(3, 6). Traditional generics rely on straightforward pharmaceutical equivalence 
and pharmacokinetic (PK) studies, whereas complex generics often require comparative clinical trials, extensive in vitro 
testing, and, in some cases, physiologically based pharmacokinetic (PBPK) modeling(7). Additionally, batch-to-batch 
consistency and manufacturing control are more stringent for complex generics due to their sensitivity to process 
variations. 

1.1.3. Importance in Improving Drug Efficacy and Patient Outcomes 

The development of complex generics plays a crucial role in enhancing drug efficacy, patient adherence, and treatment 
affordability(8). Many complex drug products, such as liposomal formulations and nanoparticle-based therapeutics, 
offer superior drug delivery by improving solubility, bioavailability, and targeted drug release(9). This results in better 
therapeutic outcomes with reduced side effects. Furthermore, complex generics provide cost-effective alternatives to 
high-priced branded drugs, increasing accessibility to essential treatments, especially for chronic and life-threatening 
diseases like cancer, autoimmune disorders, and infectious diseases(10). 

2. Introduction to Liposomal and Nanoparticulate Drug Products 

2.1. Role of Nanotechnology in Drug Delivery 

Nanotechnology has revolutionized drug delivery by enabling precise targeting, controlled release, and enhanced 
bioavailability of therapeutic agents(11, 12). Liposomal and nanoparticulate drug delivery systems are among the most 
successful applications of nanotechnology in pharmaceuticals(13). These systems encapsulate drugs within 
nanocarriers, protecting them from enzymatic degradation, improving solubility, and facilitating transport across 
biological barriers(14). Nanotechnology enables site-specific drug accumulation, reducing systemic toxicity and 
improving treatment efficacy, particularly in oncology, infectious diseases, and neurodegenerative disorders(15). 

2.2. Advantages of Liposomal and Nanoparticulate Formulations 

Liposomal and nanoparticulate drug delivery systems offer several advantages over conventional formulations(16). 
These include improved pharmacokinetics, prolonged circulation time, and reduced immunogenicity(17). Liposomes 
enhance drug solubility and stability, while nanoparticles improve targeted drug release, minimizing off-target 
effects(18). Additionally, both systems help overcome multidrug resistance by enabling intracellular drug delivery, 
making them highly beneficial for cancer therapy and antimicrobial treatments(19). 

2.3. Examples of FDA-Approved Complex Generic Products 

Several liposomal and nanoparticulate drug formulations have received FDA approval as complex generics. Notable 
examples include Liposomal Doxorubicin (generic for Doxil®) for cancer treatment and Amphotericin B Liposome 
(generic for AmBisome®) for fungal infections(20). Additionally, Budesonide Nanoparticles (generic for Pulmicort 
Respules®) have been approved for respiratory conditions(21). These approvals demonstrate the regulatory 
challenges and scientific rigor required for developing complex generics(22). 

3. Regulatory Importance and Challenges 

3.1. The Role of Regulatory Agencies (FDA, EMA, ICH) 

Regulatory agencies such as the U.S. Food and Drug Administration (FDA), the European Medicines Agency (EMA), and 
the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) play 
a crucial role in ensuring the safety, efficacy, and quality of complex generic drug products(23). The FDA provides 
Product-Specific Guidelines (PSGs) for complex generics, outlining the necessary bioequivalence (BE) and 
characterization studies(24). The EMA’s Committee for Medicinal Products for Human Use (CHMP) establishes scientific 
guidelines for evaluating nanomedicines and liposomal formulations(25). Meanwhile, the ICH harmonizes global 
regulatory standards, facilitating consistent approval processes across different regions(26). These agencies require 
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extensive comparative analytical, in vitro, and in vivo studies to ensure that complex generics maintain therapeutic 
equivalence with their reference-listed drugs (RLDs)(24). 

3.2. Why Complex Generics Require a Different Regulatory Approach 

Unlike traditional small-molecule generics, complex generics involve intricate formulations, unique delivery 
mechanisms, and structural complexities that make conventional BE studies insufficient(2, 3). Traditional generics 
typically demonstrate BE through pharmacokinetic (PK) studies, but complex generics often require additional 
characterization, including physicochemical analysis, in vitro release studies, immunogenicity assessments, and 
sometimes comparative clinical trials(27). Liposomal and nanoparticulate drug products pose challenges in maintaining 
batch-to-batch consistency, stability, and performance equivalence, necessitating stringent regulatory scrutiny(28). 
Additionally, manufacturing processes play a critical role in determining the final product's quality, further complicating 
regulatory approval(29). 

3.3. Purpose and Scope of the Review 

This review aims to provide a comprehensive analysis of the regulatory challenges faced in the approval of complex 
generics, with a specific focus on liposomal and nanoparticulate drug products. It will explore current regulatory 
pathways, bioequivalence assessment methodologies, and critical quality attributes (CQAs) required for regulatory 
approval. The review will also highlight key differences in global regulatory frameworks, case studies of successful 
approvals, and areas for future improvements. By addressing these challenges, this article will offer insights for 
pharmaceutical scientists, regulatory professionals, and policymakers involved in the development and approval of 
complex generics. 

4. Regulatory Landscape for Complex Generics 

4.1. Key Regulatory Agencies and Guidelines 

4.1.1. FDA (Office of Generic Drugs, Product-Specific Guidelines) 

The U.S. Food and Drug Administration (FDA) plays a pivotal role in regulating complex generics through the Office of 
Generic Drugs (OGD) under the Center for Drug Evaluation and Research (CDER)(2). The FDA issues Product-Specific 
Guidelines (PSGs) to help pharmaceutical manufacturers design appropriate bioequivalence (BE) studies for complex 
generics(1, 2). These guidelines outline physicochemical characterization, in vitro and in vivo BE studies, and 
immunogenicity assessments where necessary(30). The FDA’s 505(j) Abbreviated New Drug Application (ANDA) 
pathway is applicable for complex generics, but additional comparative testing may be required to demonstrate 
sameness with the reference-listed drug (RLD)(31). 

4.1.2. EMA (European Medicines Agency) 

The European Medicines Agency (EMA) oversees the approval of complex generics within the European Union(32). 
Unlike the FDA, the EMA often requires comparative clinical studies in addition to in vitro and in vivo BE testing for 
certain complex formulations. The Committee for Medicinal Products for Human Use (CHMP) provides scientific 
guidance on liposomal and nanoparticulate formulations, focusing on critical quality attributes (CQAs), stability, and 
formulation equivalence(33, 34). 

4.1.3. WHO and ICH Guidelines 

The World Health Organization (WHO) provides global guidance for generic drug approvals, emphasizing 
bioequivalence and quality assurance in resource-limited settings. The International Council for Harmonisation (ICH) 
harmonizes regulatory standards across regions, ensuring consistent requirements for analytical testing, 
manufacturing processes, and risk assessment for complex generics(35). ICH guidelines such as ICH Q6B (Specifications 
for Biotechnological Products) and ICH M9 (Biopharmaceutics Classification System-based Biowaivers) are critical in 
evaluating nanoparticulate formulations(26). 

5. Definition and Classification of Complex Generics 

5.1.1. Drug Products Classified as Complex Generics 

Complex generics are pharmaceutical products that exhibit structural, formulation, or delivery complexities that make 
standard bioequivalence (BE) assessment challenging(3). These products often have sophisticated drug delivery 
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mechanisms, complex active pharmaceutical ingredients (APIs), or specialized formulations that require advanced 
characterization techniques(36). The FDA defines complex generics as drugs that contain complex mixtures, peptide-
based APIs, non-oral routes of administration, or complex dosage forms like liposomes and nanoparticles(37). Unlike 
traditional generics, which primarily require PK studies for approval, complex generics often necessitate comparative 
analytical characterization, in vitro release studies, and, in some cases, comparative clinical trials to establish 
equivalence with the reference-listed drug (RLD)(2). 

5.1.2. Categories: Liposomes, Nanoparticles, Micelles, Polymeric Systems 

Liposomes: Spherical vesicles with lipid bilayers that encapsulate drugs, enhancing solubility and targeted delivery (e.g., 
liposomal doxorubicin). 

Nanoparticles: Nano-sized carriers designed for controlled drug release and enhanced bioavailability (e.g., albumin-
bound paclitaxel). 

Micelles: Amphiphilic molecules that self-assemble into nanostructures, used for solubilizing hydrophobic drugs (e.g., 
micellar paclitaxel formulations). 

Polymeric Systems: Drug-loaded biodegradable polymers that offer sustained or targeted release (e.g., PLGA-based 
formulations). 

6. Differences Between Small-Molecule Generics and Complex Generics 

6.1. Bioequivalence Requirements 

For small-molecule generics, bioequivalence (BE) is typically established through pharmacokinetic (PK) studies, 
comparing the generic drug's maximum concentration (Cmax) and area under the curve (AUC) with the reference-listed 
drug (RLD)(38). These studies are straightforward because small molecules exhibit predictable absorption, 
distribution, metabolism, and excretion (ADME) properties. However, complex generics require additional or 
alternative BE approaches due to their intricate formulations, delivery mechanisms, and physicochemical 
properties(39). In many cases, PK studies alone are insufficient, and in vitro release studies, physiologically based 
pharmacokinetic (PBPK) modeling, or even comparative clinical trials are required(40). 

6.2. Additional Characterization Needed for Complex Generics 

Unlike small molecules, complex generics require extensive analytical characterization to demonstrate pharmaceutical 
equivalence(6). Techniques such as dynamic light scattering (DLS), differential scanning calorimetry (DSC), zeta 
potential analysis, and electron microscopy are used to assess particle size, surface charge, encapsulation efficiency, and 
stability. Additionally, drug release kinetics, immunogenicity potential, and batch-to-batch consistency must be 
evaluated, making the approval process more challenging(41). 

6.3. Challenges in Demonstrating Sameness 

Complex generics must match the RLD in terms of composition, structural attributes, and therapeutic performance. 
However, even minor variations in liposomal bilayer composition, nanoparticle size, or excipient selection can 
significantly impact drug behavior(42). Manufacturing processes are critical, as slight differences in techniques like 
high-pressure homogenization or solvent evaporation can alter drug release profiles. Regulatory agencies often require 
comparative in vitro, in vivo, and, in some cases, clinical studies to confirm therapeutic equivalence, making the pathway 
to approval more rigorous than for traditional generics(43). 

7. Liposomal Drug Products: Regulatory Challenges and Strategies 

7.1. Regulatory Pathways for Liposomal Generics 

7.1.1. FDA Guidance on Liposomal Drug Products 

The FDA has established specific regulatory guidelines for liposomal drug products to ensure their safety, efficacy, and 
quality(44). The Product-Specific Guidelines (PSGs) provide a framework for demonstrating bioequivalence (BE) and 
pharmaceutical equivalence to the reference-listed drug (RLD)(3, 45). The FDA’s guidance emphasizes the need for 
extensive physicochemical characterization, in vitro release testing, and in vivo studies where necessary. Since 
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liposomes influence drug distribution, stability, and release, manufacturers must provide detailed data on particle size, 
bilayer composition, surface charge, and encapsulation efficiency to gain regulatory approval. 

7.1.2. Establishing Q1 (Qualitative) and Q2 (Quantitative) Sameness 

To be considered bioequivalent to the RLD, a liposomal generic must demonstrate Q1 (qualitative) and Q2 (quantitative) 
sameness. Q1 sameness requires that the generic and reference drug contain the same active pharmaceutical ingredient 
(API) and excipients(24). Q2 sameness mandates that these components be present in the same concentrations. Minor 
variations in liposome composition can alter drug release, stability, and biodistribution, making Q1/Q2 sameness 
critical for regulatory approval(1). 

7.1.3. Requirements for In Vitro and In Vivo Testing 

Since traditional pharmacokinetic (PK) studies are insufficient for liposomal formulations, regulatory agencies mandate 
comprehensive in vitro and in vivo testing(46). In vitro studies include particle size analysis, zeta potential 
measurement, drug release kinetics, and stability testing. In vivo studies, such as comparative PK assessments or 
biodistribution studies, are required when in vitro methods cannot fully establish equivalence(47). Additionally, the 
retention and clearance profiles of liposomal drugs must be evaluated due to their extended circulation times and 
potential for altered organ accumulation(48). 

8. Challenges in Bioequivalence (BE) Demonstration 

8.1. Differences in Formulation Affecting Pharmacokinetics 

Bioequivalence studies aim to show that two drug products—typically a brand-name and a generic—produce similar 
concentrations of the active ingredient in the bloodstream over time(49). However, differences in formulation between 
the two, such as excipients, particle size, or the release mechanism, can influence the drug's pharmacokinetics (PK)(50). 
For instance, variations in the dissolution rate or stability of the drug in the formulation may lead to differences in 
absorption, leading to discrepancies in the onset, peak concentration, or duration of effect(51). These pharmacokinetic 
differences may result in significant variations in the drug’s efficacy and safety profile, even if the active ingredient is 
the same(52). Regulatory bodies often require a range of studies, including in-vitro and in-vivo analyses, to ensure 
formulations exhibit comparable pharmacokinetic profiles, which can be challenging for complex formulations like 
sustained-release or liposomal drugs(53). 

8.2. Difficulty in Demonstrating Therapeutic Equivalence 

Therapeutic equivalence refers to the clinical comparability of two products in terms of efficacy, safety, and expected 
clinical outcomes(54). While bioequivalence focuses on the pharmacokinetic aspects, demonstrating therapeutic 
equivalence can be more complicated. Variations in excipients, manufacturing processes, and minor differences in the 
formulation may not significantly impact the drug’s pharmacokinetic profile but could affect its pharmacodynamic 
properties or clinical outcomes(55). This becomes especially evident with narrow therapeutic index (NTI) drugs or 
products that have complex pharmacodynamics. Regulatory agencies may require additional clinical studies or post-
marketing surveillance to demonstrate that a generic product will have the same therapeutic effect as the branded 
product in real-world conditions, which adds an extra layer of complexity in drug approval processes(56). 

8.3. Need for Comparative Clinical Studies 

While bioequivalence studies primarily focus on the drug’s pharmacokinetics, comparative clinical studies are often 
necessary to demonstrate that the clinical effect of the generic product matches that of the reference product(57). This 
becomes crucial in the case of drugs with complex pharmacokinetics, drugs with delayed-release mechanisms, or those 
with a narrow therapeutic index(58). In some cases, regulatory authorities may require clinical efficacy trials to prove 
that the two formulations lead to equivalent therapeutic outcomes. This adds significant time, cost, and effort to the 
development process(59). For certain specialized formulations, like biologics or liposomal drugs, these clinical studies 
are essential to confirm that the product behaves similarly in terms of both safety and effectiveness, making the 
approval process more intricate and resource-intensive(60). 
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9. Analytical and Characterization Requirements 

9.1. Particle Size Distribution, Surface Charge, Encapsulation Efficiency 

Characterizing nanoparticulate drug delivery systems requires a detailed analysis of several critical parameters. Particle 
size distribution is crucial, as it impacts the drug's bioavailability, release rate, and cellular uptake(61). A narrow size 
distribution is often desired for consistent drug delivery. Surface charge (zeta potential) influences the stability of 
nanoparticles in suspension and can affect interactions with cell membranes, which is vital for targeted drug 
delivery(62). Encapsulation efficiency measures the proportion of the drug successfully loaded into the nanoparticles 
compared to the total drug used, which directly impacts the therapeutic efficacy and the controlled release of the 
drug(63). Together, these parameters help ensure the formulation’s stability, performance, and predictability, making 
them essential for regulatory approval(36). 

9.2. Release Kinetics, Sterility, and Stability Studies 

Release kinetics studies are critical to understanding how the drug is released from the formulation over time(64). 
These studies help establish the drug’s release profile, whether it follows zero-order, first-order, or other kinetics, which 
influences its therapeutic effectiveness(64). Sterility testing is essential for ensuring that drug formulations, especially 
those for injection or inhalation, are free from microbial contamination, as this can lead to severe patient safety 
issues(65). Stability studies assess how the formulation’s quality, potency, and safety evolve over time under various 
storage conditions, such as temperature, humidity, and light exposure. Stability data is critical for determining the shelf-
life of the product and for regulatory approval, ensuring the formulation remains safe and effective for patient use 
during its marketed lifespan(66, 67). 

9.3. Use of Advanced Techniques (DLS, TEM, HPLC, Cryo-EM) 

Advanced techniques are essential for the in-depth characterization of drug delivery systems. Dynamic Light Scattering 
(DLS) is commonly used to measure the size, size distribution, and zeta potential of nanoparticles in suspension(68). 
Transmission Electron Microscopy (TEM) provides high-resolution imaging to observe the morphology and structure 
of nanoparticles at the nanometer scale, aiding in the design of formulations with optimized properties(69). High-
Performance Liquid Chromatography (HPLC) is widely used for quantitative analysis of the encapsulated drug, its 
release profile, and impurities, ensuring the formulation’s purity and potency(70). Cryo-Electron Microscopy (Cryo-EM) 
allows for the visualization of nanoscale structures in their native state without damaging the sample, providing insight 
into the formulation’s architecture and stability(71). These advanced techniques provide comprehensive data, enabling 
researchers to refine formulations and ensure their performance aligns with regulatory standards and therapeutic 
goals(72). 

10. Nanoparticulate Drug Products: Regulatory Considerations 

10.1. Types of Nanoparticulate Formulations 

Nanoparticulate drug formulations can be broadly categorized into polymeric nanoparticles, lipid-based nanoparticles, 
and nanosuspensions, each offering unique benefits and challenges in drug delivery. 

• Polymeric Nanoparticles: These nanoparticles are made from biodegradable or biocompatible polymers like 
PLGA (poly(lactic-co-glycolic acid)) and are widely used for controlled and sustained drug release. They provide 
flexibility in drug release profiles and can be engineered for specific targeting to tissues or cells. However, their 
regulatory challenges include ensuring biocompatibility and degradation products that do not pose 
toxicological risks(73). 

• Lipid-Based Nanoparticles: Comprising lipids or surfactants, these systems include liposomes, solid lipid 
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs). They are advantageous for delivering lipophilic 
drugs and improving drug solubility and stability. Regulatory concerns often center around their stability, 
scalability, and safety profiles, especially for injectables(74). 

• Nanosuspensions: These are colloidal dispersions of poorly water-soluble drugs, enhancing their solubility and 
bioavailability. Nanosuspensions are typically stabilized with surfactants, but their formulation stability and 
manufacturing processes require detailed regulatory scrutiny to prevent aggregation and ensure consistent 
quality(75). 
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10.2. Examples of Marketed Nanoparticulate Drug Products 

Several nanoparticulate drug products have successfully transitioned to the market, demonstrating the potential of 
nanotechnology in drug delivery. 

• Abraxane® (Paclitaxel albumin-bound nanoparticles): A marketed liposomal formulation, Abraxane offers 
enhanced solubility and improved therapeutic outcomes for breast cancer and other cancers. It demonstrates 
the use of nanoparticle-based formulations for overcoming drug solubility challenges(76). 

• Doxil® (Doxorubicin liposome): This liposomal formulation encapsulates doxorubicin, a chemotherapy drug, 
to reduce toxicity and improve drug delivery to tumors, particularly in patients with breast cancer. The liposome 
enhances the drug's stability and controlled release, reducing side effects(77). 

• Nanocrystals of Felodipine (Nanosuspension formulation): A marketed product that improves the 
bioavailability of the poorly soluble antihypertensive drug felodipine by reducing its particle size, allowing for 
faster dissolution and enhanced absorption in the body(77). 

11. Regulatory Hurdles in Nanoparticulate Generics 

11.1. Complexity in Ensuring Batch-to-Batch Consistency 

Ensuring batch-to-batch consistency in nanoparticulate generics can be challenging due to the inherent complexity of 
manufacturing these formulations(41). Variability in the synthesis process, such as differences in the size, shape, surface 
charge, and encapsulation efficiency of nanoparticles, can lead to inconsistencies in the final product(78). Small 
deviations in these parameters can significantly impact the drug’s pharmacokinetics, therapeutic effectiveness, and 
safety profile(79). Additionally, ensuring the stability and reproducibility of these formulations over time is essential, 
especially for lipid-based or polymeric nanoparticles that may undergo changes due to environmental conditions like 
temperature or pH(80). Regulatory agencies require rigorous testing and validation to ensure that every batch of a 
nanoparticulate product meets the same quality standards, which is often more difficult compared to conventional drug 
products(81). 

11.2. Issues in Demonstrating Similarity to the Reference Product 

Demonstrating similarity between a nanoparticulate generic and its reference product is challenging, as the complex 
nature of nanoparticles may result in differences that are difficult to assess using traditional bioequivalence 
methodologies(82). Unlike small molecule drugs, which can be compared based on simple pharmacokinetic parameters 
like Cmax and AUC, nanoparticulate formulations may require more extensive testing, including in-vitro release profiles, 
particle size distribution, and surface charge analysis(83). Even slight differences in formulation or manufacturing 
processes may lead to variations in the therapeutic effect, making it harder to establish clinical equivalence(84). This 
complicates the regulatory process, as agencies may require additional clinical trials to confirm that the generic 
formulation provides the same therapeutic benefit as the reference product, increasing development costs and 
time(85). 

11.3. Lack of Standardized Regulatory Pathways for Nanoparticles 

One of the most significant challenges in the regulation of nanoparticulate generics is the lack of standardized pathways 
and guidelines(28). Unlike traditional drug formulations, nanoparticles are more complex, requiring new approaches 
to safety, efficacy, and quality assessment(41). Regulatory bodies, such as the FDA and EMA, have yet to establish 
universally accepted frameworks for the approval of generic nanoparticulate drugs, leading to uncertainty in the 
approval process(3). The absence of standardized testing methods and criteria for demonstrating bioequivalence or 
therapeutic equivalence adds complexity for both manufacturers and regulators(86). While guidelines for 
nanomedicines are evolving, there is still no clear, uniform pathway that provides consistency across different types of 
nanoparticles, which creates barriers for the development of generic nanoparticulate products and delays their market 
entry(87). 

12. Bioequivalence Challenges and Alternative Approaches 

12.1. The Role of Physiologically Based Pharmacokinetic (PBPK) Modeling 

Physiologically Based Pharmacokinetic (PBPK) modeling is an advanced approach used to simulate and predict the 
absorption, distribution, metabolism, and excretion (ADME) of drugs within the human body(40, 88). PBPK models 
incorporate physiological parameters, such as blood flow, organ sizes, and tissue characteristics, alongside drug-specific 
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properties, providing a detailed framework for predicting the pharmacokinetic behavior of a drug. In the context of 
bioequivalence, PBPK modeling can be particularly useful when traditional bioequivalence studies are challenging, such 
as for complex formulations like nanoparticulate drugs. By predicting how different formulations behave in the body, 
PBPK models can assist in evaluating whether a generic drug will exhibit similar pharmacokinetic profiles to the 
reference product. These models can help overcome the need for extensive clinical trials, offering a more cost-effective 
and efficient alternative to establishing bioequivalence in some cases(89, 90). 

12.2. Surrogate Markers for In Vitro–In Vivo Correlation (IVIVC) 

In Vitro–In Vivo Correlation (IVIVC) is a critical tool for assessing the relationship between in-vitro drug release profiles 
and in-vivo pharmacokinetic data(91). Surrogate markers are used to predict the in-vivo behavior of a drug based on in-
vitro tests, which can be particularly helpful when clinical studies are difficult to conduct(92). Surrogate markers, such 
as dissolution rates, permeability, and enzyme activity, can act as predictors for drug absorption and bioavailability, 
thus aiding in the assessment of bioequivalence(93). This is especially useful for drugs with complex release 
mechanisms or in cases where conducting clinical trials is not feasible or ethical(94). A strong IVIVC can reduce the need 
for in vivo studies, making the development of generics faster and more cost-effective. However, the challenge lies in 
developing accurate surrogate markers that reliably predict clinical outcomes, as incorrect assumptions can lead to 
regulatory delays or rejections. 

12.3. Case Studies of Regulatory Approvals and Rejections 

Case studies of regulatory approvals and rejections provide valuable insights into the challenges of establishing 
bioequivalence for complex drug formulations. One example is the approval of Abraxane®, a nanoparticle albumin-
bound paclitaxel formulation, which involved rigorous bioequivalence studies and extensive regulatory review(95, 96). 
Despite the complexity of its formulation, the drug was approved after demonstrating similar pharmacokinetics and 
efficacy compared to its reference product, Taxol®(97). On the other hand, Biosimilar Enbrel® (Etanercept) faced 
regulatory rejection in some regions due to issues with demonstrating equivalence in immunogenicity and clinical 
outcomes despite similar pharmacokinetics. These case studies highlight the importance of a comprehensive evaluation 
of pharmacokinetic data, clinical efficacy, and patient safety in securing regulatory approval for complex drugs, 
especially nanoparticulate or biologic formulations, where bioequivalence may not be easily established through 
traditional methods(98). 

13. Quality Control and Manufacturing Challenges 

13.1. Critical Quality Attributes (CQAs) for Complex Generics 

• Identification of Key CQAs for Liposomes and Nanoparticles: For complex generics, ensuring consistent 
quality is crucial, and CQAs are the critical attributes that must be controlled. In liposomes, key CQAs include 
size, size distribution, surface charge (zeta potential), encapsulation efficiency, drug release profiles, and 
stability. Similarly, for nanoparticles, the particle size, surface area, and morphology are important to ensure 
uniform drug release and proper pharmacokinetic behaviour. The CQA determination is essential for 
maintaining the therapeutic equivalence of generic formulations to the reference product. Any variation in these 
CQAs can lead to different clinical outcomes or potential safety issues, necessitating careful monitoring and 
control during manufacturing(99). 

• Role of Process Parameters in Ensuring Product Consistency: Process parameters, such as temperature, 
shear force, and pH, significantly influence the final product's quality. Maintaining consistent process conditions 
is essential for achieving the desired particle size, drug encapsulation, and stability. Variability in manufacturing 
processes can lead to batch-to-batch differences, affecting the CQAs and ultimately compromising the 
therapeutic efficacy and safety of the product(100). Therefore, controlling these parameters is critical for 
ensuring that the generic product performs equivalently to the reference product(99). 

13.2. Regulatory Expectations for Manufacturing and Scale-Up 

• Process Control and Validation Challenges: Regulatory bodies expect robust process control and validation 
to ensure product consistency and quality across all batches. Challenges arise when scaling up manufacturing 
processes for complex generics, such as liposomes or nanoparticles, from small laboratory batches to full-scale 
production. Small changes in production parameters, such as mixing time or temperature, can significantly 
affect product characteristics, leading to potential quality control issues. As such, stringent validation and real-
time monitoring during scale-up are necessary to demonstrate that the process remains consistent and 
reproducible across all production scales(101). 
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• Requirements for Technology Transfer: Technology transfer from the development phase to large-scale 
manufacturing is another key regulatory challenge. It involves transferring all relevant knowledge, processes, 
and controls to the manufacturing site. Regulatory agencies require detailed documentation and validation of 
each step in the transfer process, including the equipment, process parameters, and raw materials. If the 
technology transfer process is not properly managed, it can lead to product inconsistencies, regulatory delays, 
or even rejection. The process must demonstrate that the scale-up does not affect the product’s CQAs and that 
the final product meets the required quality standards(102). 

13.3. Risk Assessment and Regulatory Compliance 

Risk assessment is a critical aspect of ensuring regulatory compliance during the development and manufacturing of 
complex generics(103). Regulatory agencies expect manufacturers to conduct comprehensive risk assessments to 
identify potential hazards and evaluate the likelihood of these risks impacting the final product's safety, quality, and 
efficacy. This includes evaluating risks associated with raw materials, formulation, manufacturing processes, and 
packaging. Implementing risk management strategies such as Failure Mode and Effects Analysis (FMEA) or Process 
Analytical Technology (PAT) can help identify potential issues early in the development process(104). Regulatory 
agencies typically require detailed risk assessments to demonstrate proactive efforts to mitigate risks, ensuring the 
product meets the required safety and efficacy standards. Non-compliance with these expectations can lead to delays in 
approval, regulatory rejections, or recalls(105). 

14. Comparative Case Studies: Approved vs. Rejected Complex Generics 

14.1. Analysis of Approved Complex Generics and Their Regulatory Pathways 

Approved complex generics, such as Abraxane® (albumin-bound paclitaxel) and Doxil® (liposomal doxorubicin), 
underwent rigorous bioequivalence and clinical trials to demonstrate their safety, efficacy, and therapeutic equivalence 
to the reference products. The regulatory pathways for these generics typically involved in-depth characterization of 
the nanoparticulate formulations, demonstrating comparable pharmacokinetic profiles, drug release rates, and 
therapeutic outcomes. Regulatory bodies such as the FDA and EMA assessed detailed data from preclinical studies, in-
vitro release studies, and human clinical trials to confirm the generic's performance. The approval of these products 
was contingent on the successful establishment of bioequivalence, as well as the use of advanced techniques like PBPK 
modeling or in-vitro–in-vivo correlation (IVIVC) to support regulatory submissions(39). 

14.2. Key Reasons for Rejection and Lessons Learned 

Rejected complex generics, such as certain biosimilars and liposomal formulations, often faced hurdles in 
demonstrating equivalence to the reference product in terms of safety, efficacy, or product stability. In some cases, 
differences in the manufacturing process or formulation led to variability in critical quality attributes, such as particle 
size, encapsulation efficiency, or release profile. This made it challenging to prove bioequivalence or therapeutic 
equivalence. For instance, Biosimilars of Humira® were rejected in some markets due to issues with demonstrating 
consistent immunogenicity profiles or similar efficacy. The key lessons from these rejections include the importance of 
strict process control, in-depth characterization, and comprehensive clinical data to demonstrate equivalence. 
Regulatory agencies are increasingly demanding more robust data to support complex generic submissions, including 
additional clinical trials and advanced analytical techniques, to ensure that generics meet the high standards set by 
reference products(106). 

15. Future Perspectives and Emerging Regulatory Trends 

15.1. Advances in Characterization Techniques for Regulatory Approval 

• Role of AI and Machine Learning in Regulatory Decision-Making: Artificial intelligence (AI) and machine 
learning (ML) are poised to revolutionize regulatory decision-making by enabling faster and more accurate 
analyses of large data sets, such as those generated during clinical trials and product testing(107). These 
technologies can identify patterns and predict outcomes more efficiently than traditional methods, helping 
regulatory agencies assess the safety, efficacy, and quality of complex generics. For instance, AI algorithms could 
be used to predict pharmacokinetic profiles or assess in-vitro–in-vivo correlations, streamlining the evaluation 
process. AI can also improve post-market surveillance by identifying potential safety issues or inefficiencies in 
drug formulations based on real-world data. By incorporating AI and ML, regulators can enhance their decision-
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making speed and precision, potentially reducing approval timelines and improving product safety 
monitoring(108). 

• Development of Next-Generation Analytical Tools: The development of advanced analytical tools, such as 
high-resolution mass spectrometry, single-particle tracking, and cryo-electron microscopy, is critical to 
improving the characterization of complex generics(109). These tools enable a more accurate and detailed 
understanding of nanoparticulate drug formulations, allowing for precise identification of critical quality 
attributes like particle size, surface characteristics, and drug loading. Next-generation analytical tools will 
enable manufacturers to better control product quality and consistency, which will be increasingly important 
as the pharmaceutical industry moves toward more personalized medicine and complex generics. These tools 
will also facilitate more robust and reliable in-vitro–in-vivo correlation studies, aiding regulatory approval by 
providing comprehensive data to support bioequivalence and therapeutic equivalence claims(110). 

15.2. Potential Revisions in Regulatory Guidelines 

• FDA and EMA Efforts to Streamline Complex Generic Approvals: Both the FDA and the EMA are working on 
revising and streamlining the approval pathways for complex generics, including nanoparticulate and biologic 
formulations. The FDA's Generic Drug User Fee Amendments (GDUFA) and the Biologics Control Act are 
examples of initiatives aimed at expediting the approval process for complex generics while ensuring rigorous 
safety and efficacy standards. These agencies are increasingly recognizing the need for advanced modeling 
techniques (such as PBPK) and real-world evidence to support regulatory submissions. The revisions may 
include more flexible frameworks that incorporate cutting-edge technologies like AI for risk assessments and 
bioequivalence determinations. This evolving regulatory approach aims to strike a balance between ensuring 
product quality and speeding up market access for generics, which will benefit both patients and the 
industry(2). 

• Role of Global Harmonization Efforts: Global harmonization efforts, spearheaded by organizations like the 
International Council for Harmonisation (ICH) and the World Health Organization (WHO), are essential for 
ensuring that complex generics meet consistent standards across various markets. By aligning regulatory 
requirements for generic drugs, these efforts will help reduce discrepancies in approval processes, facilitating 
smoother market entry for generics worldwide. Harmonization will also encourage collaboration among 
regulatory bodies, ensuring that manufacturers can navigate multiple markets more efficiently. The focus will 
be on harmonizing guidelines for bioequivalence, safety testing, and clinical trial requirements, which will 
ultimately streamline the approval process for complex generics. Global harmonization is critical for reducing 
regulatory barriers, ensuring drug availability, and fostering innovation(111). 

15.3. Opportunities for Industry and Academia Collaboration 

• Strategies for Reducing Regulatory Burden: Industry and academia collaboration can play a crucial role in 
reducing the regulatory burden associated with complex generics. By working together on research and 
development, both sectors can create more efficient methods for demonstrating bioequivalence and ensuring 
product quality. Academic research can provide valuable insights into the latest scientific advances, while the 
industry can apply these innovations in real-world settings(112). Collaborative efforts can focus on developing 
standardized testing protocols, improving manufacturing processes, and utilizing advanced technologies, such 
as AI and automation, to streamline regulatory submissions. These efforts will help minimize delays in the 
approval process and reduce the cost and time associated with complex generic drug development(113). 

• Future Innovations in Complex Generics Development: The future of complex generics lies in innovation 
driven by collaboration between industry and academia. New drug delivery technologies, such as targeted 
nanoparticles or RNA-based therapeutics, have the potential to redefine treatment paradigms. Industry-
academia partnerships can accelerate the translation of these innovations into scalable, market-ready products. 
Additionally, advancements in precision medicine, personalized formulations, and digital therapeutics will 
further drive the development of complex generics(114, 115). As regulatory agencies evolve their guidelines to 
accommodate these innovations, collaborative efforts will help ensure that new generics meet high-quality 
standards while offering enhanced therapeutic outcomes. These partnerships will also help overcome 
regulatory challenges, ultimately improving patient access to affordable, cutting-edge treatments.  

16. Conclusion 

The approval and commercialization of complex generics, particularly liposomal and nanoparticulate formulations, 
remain significantly more challenging than conventional generics due to their structural and functional intricacies. 
Regulatory agencies worldwide have established stringent guidelines to ensure quality, safety, and therapeutic 
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equivalence; however, variability in global regulatory expectations creates additional hurdles for manufacturers. 
Demonstrating bioequivalence, ensuring manufacturing consistency, and addressing formulation variability require a 
multifaceted approach involving advanced characterization techniques, alternative bioequivalence methodologies, and 
computational modeling. The incorporation of AI and machine learning is poised to streamline regulatory decision-
making, enhancing efficiency in data analysis and predictive modeling. Furthermore, collaborative efforts between 
industry and academia can foster innovation in complex generics while refining regulatory pathways. Harmonizing 
international regulatory frameworks will be key to simplifying approval processes and ensuring timely access to cost-
effective complex generic alternatives. As technology advances, the pharmaceutical industry must adapt to emerging 
trends in nanotechnology, personalized medicine, and digital therapeutics to meet the growing demand for innovative, 
high-quality drug products. Addressing these regulatory challenges will ultimately improve patient access to advanced 
therapies, enhance treatment outcomes, and drive progress in pharmaceutical sciences. 
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