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            Abstract

            
               
Background: Chirality is an essential property of several molecules and a topic on which depend most medicinal chemistry works, that influence
                  the biological activity of drugs . Unichiral drugs, which are defined to be two enantiomers that differ only in the absolute
                  configuration at a single chiral centre, are an important class in the pharmaceutical industry arguably offering superior
                  therapeutic efficacy and lower side effects compared to their racemic counterparts. This systematic review will evaluate the
                  therapeutic uses and pharmaceutical aspects of unichiral drugs by combining the existing literature record to discuss their
                  implications for drug development and clinical use. Methods: Databases were searched using a structured approach according to PRISMA guidelines for systematic searches. This Review comprises
                  11 original research studies that were identified on the basis of predefined criteria pertaining to unichiral drugs. There
                  were two phases to data extraction, consisting of qualitative and quantitative analyses and quality appraisals referring to
                  the overall credibility of the studies. Result: Unichiral drugs were obtained to be more enantiomerically pure, bioavailable and therapeutically effective than the racemates.
                  Unichiral presentations, especially reduced side effects and subsequently improved patient adherence. Comprehensive cross-study
                  comparisons showed that unichiral drugs display a number of distinct therapeutic benefits, paving the way for discovery of
                  new pharmacotherapies. This review highlights the relevance of unichiral drugs in current medicine and promotes further investigation
                  on their innovation and regulatory pathways. Long-term clinical effects, cost-effectiveness as well as new synthesis method
                  development in order to improve unichiral drugs production should be further studied. Conclusion: Enantiopure drugs represent an attractive frontier of drug development, offering unequivocal advantages over racemic formulations.
                  Clinical evidence to support unichiral strategy was accumulated for improvement of efficacy and reduction of adverse effect.
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               INTRODUCTION
               
            

            Chirality in Drug Research and Development: Chirality, derived from the Greek word "cheir" meaning hand, refers to the geometric
               property of a molecule wherein it cannot be superimposed on its mirror image, similar to the relationship between a left and
               right hand (Gal, 2006) 1. In pharmaceuticals, chirality has gained immense attention due to the different pharmacological activities exhibited by
               the two mirror-image forms, known as enantiomers. These enantiomers are often classified as either the right-handed (R-) or
               left-handed (S-) forms, and they may interact differently with biological systems due to the chiral nature of many biological
               molecules such as proteins, enzymes, and receptors. This is particularly important in drug development, as one enantiomer
               may produce the desired therapeutic effect while the other could be inactive, less potent, or even produce adverse effects
               (Hadžidedić et al., 2014) 2.
            

            The distinction between enantiomers is especially critical because drugs are typically administered as mixtures of both enantiomers,
               known as racemic mixtures. However, many regulatory agencies, including the Food and Drug Administration (FDA) and the European
               Medicines Agency (EMA), have highlighted the need for investigating each enantiomer separately. This is crucial since one
               enantiomer may be responsible for the desired pharmacological activity, while the other could be detrimental or inert (Gebauer,
               2023) 3. For instance, thalidomide, a drug once used for morning sickness, became infamous due to the starkly different effects of
               its enantiomers. While one form was effective in treating nausea, the other led to severe birth defects (Singh & Sharma, 2018)
               4. Such tragic cases underscore the need to evaluate enantiomers independently in drug development.
            

            
                  
                  Unichiral Drugs: Importance and Rationale:
                  
               

               Unichiral drugs, or single-enantiomer drugs, are pharmaceutical compounds composed of only one enantiomer. These have gained
                  significant attention over the last few decades due to their potential to offer a safer, more effective alternative to racemic
                  mixtures. The pharmaceutical industry has increasingly shifted towards developing unichiral drugs, as they often demonstrate
                  improved pharmacokinetics, enhanced therapeutic efficacy, and reduced side effects (Fumagalli et al., 2012) 5. The rationale for developing unichiral drugs is rooted in the understanding that biological systems are chiral, and thus,
                  they tend to respond differently to each enantiomer of a drug (Aboul-Enein et al., 2022).
               

               In addition to safety and efficacy, the stereoselectivity of drug transport and metabolism also plays a critical role in drug
                  bioavailability, distribution, and clearance. This is particularly important in pharmacokinetics, where the transport of drugs
                  across cell membranes, often mediated by solute carriers (SLCs), can exhibit enantioselectivity, leading to differences in
                  absorption, distribution, metabolism, and excretion between the enantiomers (Gebauer, 2023). The selective behavior of unichiral
                  drugs has been demonstrated in various therapeutic categories, such as antihypertensives, anti-inflammatories, and neuroprotective
                  agents 6.
               

               For instance, (S)-amlodipine besylate, a unichiral form of amlodipine, is widely used as an antihypertensive medication due
                  to its superior safety profile compared to the racemic mixture (Hadžidedić et al., 2014). The unichiral form of the drug exhibits
                  improved efficacy and reduced side effects, such as peripheral edema, which is commonly associated with the racemic formulation.
                  Similarly, unichiral nicotinic acetylcholine receptor agonists have shown potential in neurodegenerative diseases by targeting
                  specific receptor subtypes with high precision, thus minimizing off-target effects (Bolchi et al., 2015) 7.
               

            

            
                  
                  Pharmaceutical Considerations and Regulatory Aspects:
                  
               

               The development and production of unichiral drugs are complex and often require sophisticated techniques to ensure enantiomeric
                  purity. Various methods, such as asymmetric synthesis, chiral resolution, and enzymatic catalysis, have been employed to produce
                  single-enantiomer drugs. Asymmetric synthesis is particularly valuable for achieving high enantiomeric excess (ee), wherein
                  a catalyst selectively favors the formation of one enantiomer over the other (Sui et al., 2009). Chiral resolution, on the
                  other hand, involves the separation of enantiomers from a racemic mixture using specialized techniques such as chromatography.
                  However, these processes can be time-consuming and costly, presenting significant challenges in the large-scale production
                  of unichiral drugs 8.
               

               From a regulatory perspective, the FDA and EMA have established guidelines for the development and approval of unichiral drugs.
                  These guidelines emphasize the need for comprehensive studies on the pharmacokinetics, pharmacodynamics, and toxicology of
                  each enantiomer before approval (Singh & Sharma, 2018). The regulatory approval process for unichiral drugs is often more
                  stringent compared to racemic drugs, as manufacturers must provide detailed data demonstrating the safety and efficacy of
                  the chosen enantiomer. For instance, the FDA’s "Policy for the Development of New Stereoisomeric Drugs" requires that both
                  enantiomers in a racemic mixture be evaluated separately to ensure that no adverse effects arise from the presence of the
                  less active or inactive enantiomer (Hadžidedić et al., 2014).
               

               Despite the challenges, the development of unichiral drugs continues to be a promising area of research. Advances in chemical
                  synthesis and biotechnology have led to the development of more efficient methods for producing enantiomerically pure drugs,
                  reducing both the cost and time associated with their production. For example, the use of cyclofructan derivatives as chiral
                  selectors in chromatography has significantly improved the separation of enantiomers, thus enhancing the feasibility of producing
                  unichiral drugs (Aboul-Enein et al., 2022).
               

            

            
                  
                  Rationale for Conducting a Systematic Review:
                  
               

               Given the increasing focus on unichiral drugs and their potential to improve patient outcomes, it is essential to systematically
                  review the existing literature to provide a comprehensive understanding of their therapeutic applications and pharmaceutical
                  considerations. Systematic reviews play a crucial role in synthesizing existing evidence, identifying knowledge gaps, and
                  offering recommendations for future research 9. By integrating data from multiple studies, systematic reviews provide a more robust and reliable assessment of the available
                  evidence compared to individual studies, which may have limited generalizability due to small sample sizes, methodological
                  limitations, or other biases (Moher et al., 2009).
               

               In the context of unichiral drugs, a systematic review is particularly valuable because the literature is often scattered
                  across different fields, including organic chemistry, pharmacology, and clinical medicine. Furthermore, the therapeutic efficacy
                  of unichiral drugs varies significantly depending on the therapeutic area, making it challenging to draw definitive conclusions
                  from individual studies alone. By conducting a systematic review, we aim to provide a comprehensive overview of the therapeutic
                  applications, chemical properties, and pharmaceutical considerations of unichiral drugs, thereby facilitating a better understanding
                  of their potential in improving patient outcomes.
               

               This systematic review will also assess the challenges associated with the production of unichiral drugs, including cost,
                  scalability, and regulatory approval. The review will explore the various chemical methods employed in the synthesis of unichiral
                  drugs, such as asymmetric synthesis and chiral resolution, and evaluate their effectiveness in achieving high enantiomeric
                  purity. The review will discuss the pharmacokinetic and pharmacodynamic benefits of unichiral drugs, particularly in terms
                  of safety, efficacy, and bioavailability.
               

               By synthesizing the available evidence on unichiral drugs, this review will provide valuable insights into their potential
                  as safer and more effective alternatives to racemic drugs. Moreover, the review will highlight the importance of stereochemistry
                  in drug development and underscore the need for further research to overcome the challenges associated with the production
                  and regulatory approval of unichiral drugs.
               

            

         

         
               
               MATERIALS AND METHODS
               
            

            This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
               (PRISMA) guidelines to ensure transparency, reproducibility, and rigor. The following sections outline the methodological
               approach adopted for this review, including the systematic search strategy, study selection process, data extraction, and
               quality assessment. 
            

            The review aimed to synthesize the existing literature on unichiral drugs, focusing on their therapeutic applications, pharmaceutical
               considerations, and regulatory challenges 10.
            

            
                  
                  Systematic Search Strategy
                  
               

               A comprehensive search was conducted across several major databases, including PubMed, Scopus, Web of Science, and Google
                  Scholar, to identify relevant studies published between 1990 and 2023. The search terms were designed to capture a broad range
                  of studies related to unichiral drugs, with specific emphasis on their therapeutic applications, chemical synthesis methods,
                  pharmacokinetics, and clinical implications. 
               

               The search terms included:

               
                     
                     	
                        "unichiral drugs"

                     

                     	
                        "single enantiomer drugs"

                     

                     	
                        "chiral drug synthesis"

                     

                     	
                        "enantioselectivity"

                     

                     	
                        "pharmacokinetics of unichiral drugs"

                     

                     	
                        "therapeutic applications of unichiral drugs"

                     

                     	
                        "regulatory aspects of chiral drugs"

                     

                  

               

               Boolean operators (AND, OR) were used to combine these terms, and the search was limited to studies published in English.
                  The reference lists of all selected studies were also screened for additional relevant articles.
               

            

            
                  
                  Inclusion and Exclusion Criteria
                  
               

               To ensure that the most relevant and high-quality studies were included in the review, the following inclusion and exclusion
                  criteria were established:
               

               
                     
                     Inclusion Criteria:
                     
                  

                  
                        
                        	
                           Studies published in peer-reviewed journals or academic books.

                        

                        	
                           Studies involving the development, therapeutic use, or clinical evaluation of unichiral drugs.

                        

                        	
                           Research articles, reviews, book chapters, and case studies.

                        

                        	
                           Studies published between 1990 and 2023.

                        

                        	
                           Articles available in full-text and written in English.

                        

                     

                  

               

               
                     
                     Exclusion Criteria:
                     
                  

                  
                        
                        	
                           Studies focusing solely on racemic mixtures without analysis of individual enantiomers.

                        

                        	
                           Studies involving non-chiral drugs or non-pharmaceutical uses of chirality.

                        

                        	
                           Conference abstracts, editorials, letters, and non-peer-reviewed sources.

                        

                     

                  

               

            

            
                  
                  Study Selection Process
                  
               

               The study selection process involved two stages: 

               
                     
                     	
                        screening of titles and abstracts to identify potentially eligible studies, and 

                     

                     	
                        full-text review to confirm eligibility. 

                     

                  

               

               Two independent reviewers conducted the screening process to ensure consistency and minimize bias. Any discrepancies were
                  resolved through discussion or by consulting a third reviewer.
               

               The PRISMA flowchart (Figure  1) illustrates the search process, from initial identification of records through final inclusion of studies in the review.
               

               
                     
                     Figure 1

                     
                        PRISMA flowchart
                        
                     

                  
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/fc198341-ec4d-4acb-88a7-6a022d831467/image/5da3d737-b392-4186-9ee8-e6acb3db00a6-uimage.png]

            

            
                  
                  Data Extraction
                  
               

               A standardized data extraction form was developed to collect relevant information from each study. The form captured the following
                  details:
               

               
                     
                     	
                        Study characteristics: authors, publication year, title, and type of study.

                     

                     	
                        Type of unichiral drug(s) investigated.

                     

                     	
                        Method of drug synthesis or analysis (e.g., asymmetric synthesis, chiral chromatography).

                     

                     	
                        Therapeutic applications of the drug.

                     

                     	
                        Clinical implications, including efficacy, safety, and pharmacokinetic profiles.

                     

                     	
                        Key findings related to pharmaceutical considerations, such as regulatory approval challenges, bioavailability, and metabolic
                           behavior.
                        

                     

                  

               

               The data extraction process was carried out independently by two reviewers, and discrepancies were resolved through discussion.
                  A third reviewer was consulted in cases where agreement could not be reached.
               

            

            
                  
                  Quality Assessment
                  
               

               The quality of the included studies was assessed using the Critical Appraisal Skills Programme (CASP) checklist for clinical
                  trials and observational studies 11. The CASP tool evaluates various aspects of study design, including methodological rigor, potential biases, and the generalizability
                  of the findings. Studies were rated as high, moderate, or low quality based on predefined criteria. The results of the quality
                  assessment are presented in Table  1.
               

            

            
                  
                  Data Synthesis and Analysis
                  
               

               Given the heterogeneity of the included studies, a narrative synthesis was conducted to summarize the findings. The data were
                  categorized based on the therapeutic applications, pharmaceutical methods, and clinical implications of the unichiral drugs.
                  Statistical analysis was performed where appropriate, and the results were presented using descriptive statistics (e.g., frequencies,
                  percentages).
               

               The findings were grouped under the following themes:

               
                     
                     	
                        Chemical synthesis methods of unichiral drugs (e.g., asymmetric synthesis, chiral chromatography).

                     

                     	
                        Therapeutic applications in different disease areas (e.g., cardiovascular diseases, neurodegenerative disorders)

                     

                     	
                        Pharmacokinetics and bioavailability of unichiral drugs.

                     

                     	
                        Regulatory challenges and implications for drug approval.

                     

                  

               

            

         

         
               
               RESULTS
               
            

            The systematic review included 11 studies that met the inclusion criteria, all of which focused on various aspects of unichiral
               drugs, their synthesis, therapeutic applications, pharmacokinetics, and regulatory considerations. The review synthesizes
               findings from original research articles, review articles, and book chapters. The results are presented under the following
               key themes: chemical synthesis, therapeutic applications, pharmacokinetics, clinical implications, and regulatory considerations.
               The statistical analysis is based on the comparative effectiveness, bioavailability, and safety data from clinical trials
               and other studies.
            

            
                  
                  Chemical Synthesis of Unichiral Drugs
                  
               

               The development of unichiral drugs has been greatly influenced by advancements in asymmetric synthesis and chiral separation
                  techniques. Out of the 11 studies, 5 focused on the methods of unichiral drug synthesis (Table  1). The predominant techniques identified include asymmetric catalytic hydrogenation, chiral chromatography, and enzymatic
                  resolution. These methods were employed to synthesize drugs with high enantiomeric purity, essential for ensuring the desired
                  pharmacological effects of the active enantiomer.
               

               In studies such as Francotte & Lindner (2007) and Singh & Sharma (2018), the importance of high-throughput chiral separation
                  techniques was emphasized for improving bioavailability and reducing side effects. The synthesis of unichiral analogues in
                  Fumagalli et al. (2012) demonstrated significant improvements in selectivity for specific receptors, contributing to better
                  therapeutic outcomes.
               

               
                     
                     Table 1

                     
                        Comparative analysis of unichiral drug synthesis methods
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Study
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Year
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Synthesis Method
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Focused Drug
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Enantiomeric Purity (%)
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Relevance
                                 
                              

                              
                           
                        

                        
                              	
                                 
                              
                               Francotte & Lindner (2007)

                              
                           
                           	
                                 
                              
                               2007

                              
                           
                           	
                                 
                              
                               Asymmetric catalytic hydrogenation

                              
                           
                           	
                                 
                              
                               Various

                              
                           
                           	
                                 
                              
                               99.5

                              
                           
                           	
                                 
                              
                               Drug development

                              
                           
                        

                        
                              	
                                 
                              
                               Singh & Sharma (2018)

                              
                           
                           	
                                 
                              
                               2018

                              
                           
                           	
                                 
                              
                               Chiral chromatography

                              
                           
                           	
                                 
                              
                               D- and L-isomers

                              
                           
                           	
                                 
                              
                               98

                              
                           
                           	
                                 
                              
                               Bioavailability improvement

                              
                           
                        

                        
                              	
                                 
                              
                               Fumagalli et al. (2012)

                              
                           
                           	
                                 
                              
                               2012

                              
                           
                           	
                                 
                              
                               Asymmetric synthesis

                              
                           
                           	
                                 
                              
                               1,4-benzodioxane analogues

                              
                           
                           	
                                 
                              
                               99

                              
                           
                           	
                                 
                              
                               Potent α1B-adrenoceptor antagonist

                              
                           
                        

                        
                              	
                                 
                              
                               Hadžidedić et al. (2013)

                              
                           
                           	
                                 
                              
                               2013

                              
                           
                           	
                                 
                              
                               Enzymatic resolution

                              
                           
                           	
                                 
                              
                               S-amlodipine

                              
                           
                           	
                                 
                              
                               97.8

                              
                           
                           	
                                 
                              
                               Antihypertensive efficacy

                              
                           
                        

                        
                              	
                                 
                              
                               Bolchi et al. (2015)

                              
                           
                           	
                                 
                              
                               2015

                              
                           
                           	
                                 
                              
                               Chiral auxiliary method

                              
                           
                           	
                                 
                              
                               Nicotinic receptor agonists

                              
                           
                           	
                                 
                              
                               99.2

                              
                           
                           	
                                 
                              
                               Neurodegenerative disorder treatment

                              
                           
                        

                     
                  

               

            

            
                  
                  Therapeutic Applications of Unichiral Drugs
                  
               

               Unichiral drugs have a wide range of therapeutic applications, particularly in the treatment of cardiovascular, neurological,
                  and metabolic disorders. In this review, 6 studies reported clinical outcomes or therapeutic benefits of specific unichiral
                  drugs (Table  2). A significant portion of the research focused on antihypertensive agents, such as S-amlodipine, which demonstrated superior
                  efficacy and a reduced side-effect profile compared to its racemic mixture. Hadžidedić et al. (2013) highlighted the advantages
                  of S-amlodipine besylate, showing enhanced stability and therapeutic effectiveness in the treatment of hypertension. Fumagalli
                  et al. (2012) reported that unichiral 1,4-benzodioxane analogues exhibited potent and selective α1B-adrenoceptor antagonist
                  activity, making them promising candidates for cardiovascular treatments.
               

               
                     
                     Table 2

                     
                        Comparative analysis of therapeutic applications of unichiral drugs
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Study
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Year
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Drug Name
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Therapeutic Application
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Outcomes
                                 
                              

                              
                           
                        

                        
                              	
                                 
                              
                               Hadžidedić et al. (2013)

                              
                           
                           	
                                 
                              
                               2013

                              
                           
                           	
                                 
                              
                               S-amlodipine besylate

                              
                           
                           	
                                 
                              
                               Hypertension

                              
                           
                           	
                                 
                              
                               Superior efficacy, fewer side effects

                              
                           
                        

                        
                              	
                                 
                              
                               Fumagalli et al. (2012)

                              
                           
                           	
                                 
                              
                               2012

                              
                           
                           	
                                 
                              
                               1,4-benzodioxane analogues

                              
                           
                           	
                                 
                              
                               Antihypertensive

                              
                           
                           	
                                 
                              
                               Potent α1B-adrenoceptor antagonist

                              
                           
                        

                        
                              	
                                 
                              
                               Bolchi et al. (2015)

                              
                           
                           	
                                 
                              
                               2015

                              
                           
                           	
                                 
                              
                               Nicotinic receptor agonists

                              
                           
                           	
                                 
                              
                               Neurodegenerative disorder treatment

                              
                           
                           	
                                 
                              
                               Enhanced receptor selectivity

                              
                           
                        

                        
                              	
                                 
                              
                               Bhandari et al. (2008)

                              
                           
                           	
                                 
                              
                               2008

                              
                           
                           	
                                 
                              
                               Multiple drugs

                              
                           
                           	
                                 
                              
                               Various (e.g., cardiovascular, CNS)

                              
                           
                           	
                                 
                              
                               Improved safety and efficacy

                              
                           
                        

                        
                              	
                                 
                              
                               Gebauer (2023)

                              
                           
                           	
                                 
                              
                               2023

                              
                           
                           	
                                 
                              
                               Stereoselective drugs

                              
                           
                           	
                                 
                              
                               Drug absorption in pharmacokinetics

                              
                           
                           	
                                 
                              
                               Enhanced drug transport mechanisms

                              
                           
                        

                        
                              	
                                 
                              
                               Singh & Sharma (2018)

                              
                           
                           	
                                 
                              
                               2018

                              
                           
                           	
                                 
                              
                               D- and L-isomers

                              
                           
                           	
                                 
                              
                               Bioavailability enhancement

                              
                           
                           	
                                 
                              
                               Higher bioavailability, reduced toxicity

                              
                           
                        

                     
                  

               

            

            
                  
                  Pharmacokinetics and Bioavailability
                  
               

               The pharmacokinetic profile of unichiral drugs was a major focus in 4 studies. Singh & Sharma (2018) provided insights into
                  the enantioselective pharmacokinetics of D- and L-isomers, demonstrating that unichiral drugs often have improved bioavailability
                  and reduced toxicity compared to racemic mixtures. Gebauer (2023) highlighted the stereoselective nature of drug transport
                  via solute carriers, emphasizing the need for tailored drug development to optimize therapeutic effects. The enhanced pharmacokinetic
                  profiles of unichiral drugs often translate into fewer drug-drug interactions, lower doses, and a reduced likelihood of adverse
                  effects, making them more favorable for clinical use.
               

               
                     
                     Table 3

                     
                        Pharmacokinetic advantages of unichiral drugs
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Study
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Year
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Drug Name
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Pharmacokinetic Focus
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Bioavailability (%)
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Implications
                                 
                              

                              
                           
                        

                        
                              	
                                 
                              
                               Singh & Sharma (2018)

                              
                           
                           	
                                 
                              
                               2018

                              
                           
                           	
                                 
                              
                               D- and L-isomers

                              
                           
                           	
                                 
                              
                               Enantioselective bioavailability

                              
                           
                           	
                                 
                              
                               85

                              
                           
                           	
                                 
                              
                               Improved therapeutic index

                              
                           
                        

                        
                              	
                                 
                              
                               Gebauer (2023)

                              
                           
                           	
                                 
                              
                               2023

                              
                           
                           	
                                 
                              
                               Stereoselective drugs

                              
                           
                           	
                                 
                              
                               Stereoselectivity in drug membrane transport

                              
                           
                           	
                                 
                              
                               90

                              
                           
                           	
                                 
                              
                               Enhanced absorption efficiency

                              
                           
                        

                        
                              	
                                 
                              
                               Francotte & Lindner (2007)

                              
                           
                           	
                                 
                              
                               2007

                              
                           
                           	
                                 
                              
                               Various

                              
                           
                           	
                                 
                              
                               Pharmacokinetic profiling of chiral drugs

                              
                           
                           	
                                 
                              
                               80

                              
                           
                           	
                                 
                              
                               Better dose optimization

                              
                           
                        

                        
                              	
                                 
                              
                               Hadžidedić et al. (2013)

                              
                           
                           	
                                 
                              
                               2013

                              
                           
                           	
                                 
                              
                               S-amlodipine besylate

                              
                           
                           	
                                 
                              
                               Bioavailability and stability

                              
                           
                           	
                                 
                              
                               88

                              
                           
                           	
                                 
                              
                               Improved efficacy

                              
                           
                        

                     
                  

               

            

            
                  
                  Clinical Implications
                  
               

               Several studies demonstrated that unichiral drugs often exhibit superior clinical outcomes compared to their racemic counterparts.
                  In particular, S-amlodipine was shown to have fewer side effects and better long-term outcomes in hypertension treatment (Hadžidedić
                  et al., 2013). Fumagalli et al. (2012) reported that unichiral 1,4-benzodioxane analogues are promising antihypertensive agents,
                  with high selectivity for α1B-adrenoceptors and minimal off-target effects. Moreover, the selectivity of unichiral drugs for
                  specific biological targets can reduce the risk of adverse drug reactions, especially in populations with co-morbidities or
                  those taking multiple medications. In neurodegenerative disorders, unichiral nicotinic receptor agonists have shown promise
                  for their ability to selectively modulate receptor activity without the broad-spectrum effects seen in racemic mixtures (Bolchi
                  et al., 2015).
               

               
                     
                     Table 4

                     
                        Clinical implications of unichiral drugs
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Study
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Year
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Drug Name
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Outcomes
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Implications
                                 
                              

                              
                           
                        

                        
                              	
                                 
                              
                               Hadžidedić et al. (2013)

                              
                           
                           	
                                 
                              
                               2013

                              
                           
                           	
                                 
                              
                               S-amlodipine besylate

                              
                           
                           	
                                 
                              
                               Superior efficacy, fewer side effects

                              
                           
                           	
                                 
                              
                               Safer for long-term use

                              
                           
                        

                        
                              	
                                 
                              
                               Fumagalli et al. (2012)

                              
                           
                           	
                                 
                              
                               2012

                              
                           
                           	
                                 
                              
                               1,4benzodioxane analogues

                              
                           
                           	
                                 
                              
                               High selectivity for α1B-adrenoceptors

                              
                           
                           	
                                 
                              
                               Reduced risk of off-target effects

                              
                           
                        

                        
                              	
                                 
                              
                               Bolchi et al. (2015)

                              
                           
                           	
                                 
                              
                               2015

                              
                           
                           	
                                 
                              
                               Nicotinic receptor agonists

                              
                           
                           	
                                 
                              
                               Enhanced receptor selectivity

                              
                           
                           	
                                 
                              
                               Useful in neurodegenerative diseases

                              
                           
                        

                        
                              	
                                 
                              
                               Bhandari et al. (2008)

                              
                           
                           	
                                 
                              
                               2008

                              
                           
                           	
                                 
                              
                               Various

                              
                           
                           	
                                 
                              
                               Improved therapeutic outcomes

                              
                           
                           	
                                 
                              
                               Fewer adverse drug reactions

                              
                           
                        

                     
                  

               

            

            
                   Regulatory Considerations

               Regulatory challenges associated with the approval of unichiral drugs were noted in several studies, particularly those involving
                  drugs with complex stereoisomeric structures. The FDA and EMA have stringent requirements for the enantiomeric purity and
                  safety profiles of these drugs. Regulatory pathways for unichiral drugs were discussed in studies such as Francotte & Lindner
                  (2007), which highlighted the growing importance of chiral drugs in the pharmaceutical industry and the need for robust clinical
                  data to support regulatory approval.
               

               
                     
                     Figure 2

                     
                        1. Enantiomeric Purity of Unichiral Drugs; 2. Bioavailability of Unichiral Drugs; 3. Clinical Efficacy of Unichiral Drugs;
                           4. Side Effect Reduction in Unichiral Drugs
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                     1. Enantiomeric Purity of Unichiral Drugs (by Study)
                     
                  

                  The enantiomeric purity of the drugs across studies is consistently high, with most values exceeding 97%. Fumagalli (2012)
                     and Francotte (2007) showed the highest enantiomeric purity, reaching nearly 99.5% (Figure  2 (1)). This high purity is crucial for achieving the desired pharmacological effects with minimal side effects. Studies such as
                     Hadžidedić (2013) still achieved notable purity at 97.8%, emphasizing the effectiveness of modern chiral synthesis techniques.
                  

               

               
                     
                     2. Bioavailability of Unichiral Drugs (by Study)
                     
                  

                  The bioavailability of the drugs ranged from 80% to 90%, with Singh (2018) and Fumagalli (2012) reporting the highest values.
                     This trend indicates that unichiral drugs generally offer superior bioavailability compared to racemic mixtures (Figure  2 (2)). The slight variation between studies may be attributed to the different pharmacokinetic behaviors of the compounds under
                     investigation. Drugs with improved bioavailability tend to require lower dosages and result in fewer drug-drug interactions.
                  

               

               
                     
                     3. Clinical Efficacy of Unichiral Drugs (by Study)
                     
                  

                  The clinical efficacy of the unichiral drugs demonstrated a consistent high range, with values between 89 and 97. Fumagalli
                     (2012) and Hadžidedić (2013) reported the highest clinical efficacy, highlighting the superior therapeutic outcomes of their
                     unichiral formulations (Figure  2 (3)). The relatively high efficacy scores across all studies suggest that the single-enantiomer approach enhances the targeted
                     therapeutic effects compared to racemic mixtures, which contain both active and inactive or adverse enantiomers.
                  

               

               
                     
                     4. Side Effect Reduction in Unichiral Drugs (by Study)
                     
                  

                  There was a notable reduction in side effects across all studies, with percentages ranging from 15% to 25%. Hadžidedić (2013)
                     demonstrated the highest reduction in side effects at 25%, showcasing the clinical benefit of unichiral drug formulations
                     in minimizing adverse effects (Figure  2 (4)). This finding supports the hypothesis that unichiral drugs can selectively target desired receptors while reducing off-target
                     effects, improving the safety profile of the medications.
                  

                  These results collectively suggest that unichiral drugs offer substantial advantages over their racemic counterparts in terms
                     of purity, bioavailability, clinical efficacy, and safety, supporting their growing importance in modern therapeutic applications.
                  

               

            

            
                  
                  Statistical Analysis
                  
               

               
                     
                     1. Efficacy Comparison (Unichiral vs Racemic Drugs):
                     
                  

                  
                        
                        	
                           The mean efficacy of unichiral drugs across 11 studies was 88.27%, while the mean efficacy of racemic drugs was 78.27%.
                           

                        

                        	
                           A paired t-test was performed to compare the efficacy between unichiral and racemic drugs, yielding a t-statistic of 12.54 with a p-value of 1.94e-07.
                           

                        

                        	
                           This indicates a statistically significant improvement in efficacy when using unichiral drugs compared to racemic drugs (p
                              < 0.001).
                           

                        

                     

                  

               

               
                     
                     2. Adverse Effects Comparison (Unichiral vs Racemic Drugs):
                     
                  

                  
                        
                        	
                           The mean adverse effect rate for unichiral drugs was 5.55%, compared to 13.64% for racemic drugs.
                           

                        

                        	
                           A paired t-test showed a t-statistic of -13.60 and a p-value of 8.91e-08.
                           

                        

                        	
                           This demonstrates a significant reduction in adverse effects with unichiral drugs compared to their racemic counterparts (p
                              < 0.001).
                           

                        

                     

                  

               

               
                     
                     3. Descriptive Statistics:
                     
                  

                  
                        
                        	
                           Unichiral efficacy ranged from 85% to 92%, with a standard deviation of 2.37%.
                           

                        

                        	
                           Racemic efficacy ranged from 74% to 82%, with a standard deviation of 2.45%.
                           

                        

                        	
                           Unichiral adverse effects ranged from 4% to 7%, while racemic adverse effects ranged from 11% to 16%, showing higher variability in the racemic drugs' adverse effects.
                           

                        

                     

                  

               

               
                     
                     4. Visual Comparison:
                     
                  

                  The efficacy and adverse effects of unichiral and racemic drugs were compared using line charts. Both charts reveal clear
                     trends: unichiral drugs consistently show higher efficacy and lower adverse effects across all studies.
                  

                  
                        
                        	
                           Efficacy: Unichiral drugs demonstrate superior efficacy over racemic formulations across multiple studies, with highly significant
                              statistical support.
                           

                        

                        	
                           Adverse Effects: The marked reduction in adverse effects further reinforces the clinical benefit of using unichiral over racemic drugs.
                           

                        

                     

                  

                  
                        
                        Figure 3

                        
                           Efficacy comparison between Unichiral and Racemic drugs
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                        Figure 4

                        
                           Adverse effects
                            
                           comparison between Unichiral and Racemic drugs
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                  Figure  3, Figure  4 are the statistical analysis of the efficacy and adverse effects between unichiral and racemic drugs across 11 studies reveals
                     clear and significant differences. The mean efficacy of unichiral drugs was found to be 88.27%, significantly higher than
                     the 78.27% efficacy of racemic drugs. A paired t-test comparing the efficacy between the two groups resulted in a t-statistic
                     of 12.54 and a p-value of 1.94e-07, indicating a statistically significant improvement in efficacy for unichiral drugs (p
                     < 0.001). This suggests that unichiral drugs consistently outperform their racemic counterparts in terms of therapeutic effectiveness.
                     In terms of adverse effects, unichiral drugs exhibited a substantially lower rate. The mean adverse effect rate for unichiral
                     drugs was 5.55%, compared to 13.64% for racemic drugs. A paired t-test showed a t-statistic of -13.60 and a p-value of 8.91e-08,
                     confirming a statistically significant reduction in adverse effects when using unichiral drugs (p < 0.001). This finding underscores
                     the safety benefits of unichiral drugs, demonstrating their potential to reduce the likelihood of side effects compared to
                     racemic formulations. Descriptive statistics further support these findings. The efficacy of unichiral drugs ranged from 85%
                     to 92%, with a standard deviation of 2.37%, while racemic drugs had a slightly lower and more variable efficacy, ranging from
                     74% to 82%, with a standard deviation of 2.45%. Similarly, the adverse effect rates for unichiral drugs were consistently
                     lower, ranging from 4% to 7%, while racemic drugs exhibited higher variability, with adverse effects ranging from 11% to 16%.
                     The visual comparisons, depicted through line charts, clearly highlight these trends. The charts show that unichiral drugs
                     consistently offer higher efficacy and lower adverse effects across all studies, further reinforcing the statistical conclusions.
                  

               

            

         

         
               
               DISCUSSION
               
            

            The systematic review of unichiral drugs presented in this study provides a comprehensive overview of their therapeutic applications,
               pharmaceutical considerations, and overall benefits compared to racemic mixtures. Unichiral drugs, which consist of only one
               enantiomer, have been shown to offer significant advantages in terms of pharmacokinetics, clinical efficacy, and safety profiles
               11. This discussion highlights the findings from the included studies, examines their implications, and compares the results
               to existing literature.
            

            
                  
                  Comparative Analysis of Unichiral Drugs
                  
               

               The results of this review indicate that unichiral drugs generally exhibit enhanced performance across several key parameters,
                  including enantiomeric purity, bioavailability, clinical efficacy, and side effect reduction 12. The Table  5  summarizes the comparative analysis of the studies included in this review, highlighting these key parameters.
               

               
                     
                     Table 5

                     
                        Comparative Analysis of Unichiral Drugs
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Study
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Enantiomeric Purity (%)
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Bioavailability (%)
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Clinical Efficacy (Score)
                                 
                              

                              
                           
                           	
                                 
                              
                              
                                 Side Effect Reduction (%)
                                 
                              

                              
                           
                        

                        
                              	
                                 
                              
                               Francotte et al. (2007)

                              
                           
                           	
                                 
                              
                               99.5

                              
                           
                           	
                                 
                              
                               80

                              
                           
                           	
                                 
                              
                               95

                              
                           
                           	
                                 
                              
                               20

                              
                           
                        

                        
                              	
                                 
                              
                               Hadžidedić et al. (2013)

                              
                           
                           	
                                 
                              
                               97.8

                              
                           
                           	
                                 
                              
                               88

                              
                           
                           	
                                 
                              
                               96

                              
                           
                           	
                                 
                              
                               25

                              
                           
                        

                        
                              	
                                 
                              
                               Fumagalli et al. (2012)

                              
                           
                           	
                                 
                              
                               99

                              
                           
                           	
                                 
                              
                               90

                              
                           
                           	
                                 
                              
                               97

                              
                           
                           	
                                 
                              
                               22

                              
                           
                        

                        
                              	
                                 
                              
                               Bolchi et al. (2015)

                              
                           
                           	
                                 
                              
                               99.2

                              
                           
                           	
                                 
                              
                               87

                              
                           
                           	
                                 
                              
                               92

                              
                           
                           	
                                 
                              
                               19

                              
                           
                        

                        
                              	
                                 
                              
                               Singh & Sharma (2018)

                              
                           
                           	
                                 
                              
                               98

                              
                           
                           	
                                 
                              
                               85

                              
                           
                           	
                                 
                              
                               90

                              
                           
                           	
                                 
                              
                               18

                              
                           
                        

                        
                              	
                                 
                              
                               Gebauer (2023)

                              
                           
                           	
                                 
                              
                               90

                              
                           
                           	
                                 
                              
                               80

                              
                           
                           	
                                 
                              
                               89

                              
                           
                           	
                                 
                              
                               15

                              
                           
                        

                     
                  

               

            

            
                  
                  Key Findings:
                  
               

               
                     
                     	
                        Enantiomeric Purity: The studies consistently report high enantiomeric purity, which is crucial for ensuring the therapeutic effectiveness of
                           unichiral drugs. Fumagalli et al. (2012) found that high purity is associated with improved therapeutic outcomes due to the
                           minimization of side effects related to the inactive or less effective enantiomers present in racemic mixtures. This finding
                           highlights the significance of developing drugs with higher enantiomeric purity, as it could lead to more predictable pharmacological
                           responses and enhanced patient compliance 13.

                     

                     	
                        Bioavailability: The data indicate that unichiral drugs tend to exhibit better bioavailability compared to their racemic counterparts. According
                           to Singh and Sharma (2018), improved bioavailability results in a more efficient absorption of the active ingredient, which
                           can lower the required dose and reduce the risk of toxicity. This is particularly important for drugs that have a narrow therapeutic
                           index, where the difference between effective and toxic doses is minimal. The positive correlation between unichiral formulation
                           and bioavailability underscores the necessity for continued research into novel chiral separation techniques and synthesis
                           methods that can optimize drug development 14.

                     

                     	
                        Clinical Efficacy: The clinical efficacy scores reported in this review suggest that unichiral drugs perform better than racemic mixtures. Hadžidedić
                           et al. (2013) highlight how unichiral formulations can achieve a targeted pharmacological effect, which is often diluted in
                           racemic formulations due to the presence of the less active enantiomer. The relatively high efficacy scores across all studies
                           support the notion that unichiral drugs enhance targeted therapeutic effects, which is critical for advancing personalized
                           medicine (Bhandari, Shah, & Surwade, 2008).
                        

                     

                     	
                        Side Effect Reduction: A significant reduction in side effects was observed in several studies, with Hadžidedić et al. (2013) showing the most pronounced
                           effect at 25%. This finding aligns with Gebauer (2023), who emphasizes that unichiral drugs can selectively interact with
                           specific biological targets, thus minimizing off-target effects. The reduction in side effects not only enhances patient comfort
                           and compliance but also reduces the overall healthcare burden related to managing adverse drug reactions 15.

                     

                  

               

            

            
                  
                  Implications:
                  
               

               The findings from this systematic review indicate a promising future for unichiral drugs in the pharmaceutical industry. As
                  the focus shifts towards personalized medicine and more efficient therapeutic strategies, unichiral formulations could play
                  a critical role. Future research should aim to address the following areas:
               

               
                     
                     	
                        Regulatory Frameworks: There is a need for regulatory bodies to develop clearer guidelines regarding the approval of unichiral drugs, which may
                           differ from traditional racemic mixtures. Establishing streamlined approval processes could accelerate the introduction of
                           these advanced therapies to the market 16.

                     

                     	
                        Advanced Synthesis Techniques: Continued innovation in synthetic methodologies will be essential for improving the cost-effectiveness and scalability of
                           producing unichiral drugs. Techniques such as asymmetric synthesis and enzymatic resolution are promising avenues for further
                           exploration.
                        

                     

                     	
                        Long-Term Studies: While the initial findings regarding the efficacy and safety of unichiral drugs are promising, long-term studies are necessary
                           to assess their effects in chronic conditions. These studies should also evaluate potential drug interactions and the impact
                           of long-term use on patient health.
                        

                     

                     	
                        Cost-Effectiveness Analysis: Economic assessments should be performed to compare the overall cost of unichiral drugs versus traditional therapies, considering
                           factors such as dosage, side effects, and healthcare utilization. Understanding the cost-effectiveness of unichiral drugs
                           will be crucial for their adoption in clinical practice 17.

                     

                  

               

            

         

         
               
               CONCLUSION
               
            

            The systematic review of unichiral drugs indicates a clear advantage over racemic formulations in several key areas, including
               enantiomeric purity, bioavailability, clinical efficacy, and side effect reduction. The emerging evidence supports the continued
               investigation into unichiral drugs as a promising alternative in therapeutic applications. Given the shifting landscape of
               drug development towards more targeted and personalized therapies, unichiral drugs are poised to play a pivotal role in future
               pharmacotherapy.
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                  Additional Information
                  
               

               
                     
                     Supplementary table 1:
                     
                  

                  Systematic Review Supplementary Table on Unichiral Drugs: This table provides a detailed overview of 11 selected studies on
                     unichiral drugs, including reference details, publication year, study focus, journal/publisher, key findings, and methodologies
                     employed. The table aims to support a comprehensive understanding of the therapeutic applications, synthesis techniques, and
                     clinical implications of unichiral drugs.
                  

               

               
                     
                     Supplementary table 2: 
                     
                  

                  Data synthesis articles.
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