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Abstract

Azithromycin, a macrolide antibiotic, has poor solubility 

and low bioavailability, limiting its therapeutic 

effectiveness. This review explores crystallization 

techniques- — cooling crystallization to enhance its 

solubility and permeability. These methods improve 

dissolution rates, bioavailability, and permeability across 

biological membranes. Challenges like stability, regulatory 

concerns, and manufacturing scalability are discussed. 

Future research should focus on refining these techniques 

and combining them with other delivery strategies to 

optimize Azithromycin’s clinical efficacy. 
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1. Introduction 

1.1 Crystallization Techniques 

In pharmaceutical development, bioavailability plays a critical role in determining the effectiveness of drug therapies. Many 

drugs, especially those with poor water solubility, struggle to reach their intended therapeutic levels in the bloodstream due to 

low bioavailability. Crystallization has emerged as a key technique to address this issue, offering a means to modify the 

physical properties of drug molecules and enhance their bioavailability [1]. 

This review provides an overview of the role of bioavailability in drug development, the importance of crystallization in this 

context, and an in-depth look at the advantages, disadvantages, and crystallization methods that are being applied to improve 

drug delivery [2]. 

 

1.2 Bioavailability 

Definition 

Bioavailability refers to the proportion of a drug that enters the systemic circulation in its active form after administration, 

ultimately becoming available for therapeutic action. Oral bioavailability is often limited by poor water solubility, which 

hinders dissolution in the gastrointestinal tract, or by degradation during first-pass metabolism [3]. 

Importance 

Optimizing bioavailability is crucial for ensuring that the drug reaches sufficient concentration levels in the blood to exert its 

therapeutic effect. This becomes especially important for drugs with poor solubility, as their limited absorption may require 

higher doses, leading to potential side effects. 

 

1.3 Crystallization 

Definition 

Crystallization is the process by which solid crystals are formed from a solution, melt, or vapor. It is a purification technique 

commonly used in chemical and pharmaceutical industries to obtain pure solid forms of a substance. By controlling the size, 

shape, and polymorphic form of drug crystals, crystallization techniques can enhance the bioavailability of poorly soluble 

drugs [4]. 
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Role in Bioavailability 

The physical properties of drug crystals, such as particle 

size, surface area, and morphology, influence the dissolution 

rate, and thus, bioavailability. Smaller crystals with higher 

surface area dissolve more quickly, improving absorption in 

the gastrointestinal tract [5]. 

 

1.4 Advantages of Crystallization Techniques 

1. Enhanced Solubility: Crystallization allows for the 

creation of smaller, more soluble particles, facilitating 

faster dissolution and absorption [6]. 

2. Purity and Stability: It helps in purifying drugs by 

removing impurities and stabilizing the crystalline 

form, which is essential for consistent drug 

performance. 

3. Cost-Effectiveness: Crystallization is often less 

expensive than alternative methods such as complex 

formulation strategies. 

4. Polymorphism Control: It enables control over 

different polymorphic forms, ensuring that the most 

bio-available and stable form of the drug is produced. 

 

1.5 Disadvantages of Crystallization Techniques 

1. Complexity of Polymorphism: The presence of 

multiple polymorphs can complicate the process, as 

different forms of the same drug may have varying 

solubilities and bioavailability [7]. 

2. Energy-Intensive: Some crystallization processes 

require high energy input, making them less efficient. 

3. Environmental Concerns: Certain crystallization 

methods involve the use of organic solvents, which can 

be harmful to the environment and require careful 

handling and disposal [8]. 

4. Process Control Challenges: Maintaining precise 

control over factors like temperature, solvent 

concentration, and cooling rate is essential but difficult 

in large-scale production. 

 

1.6 Crystallization Techniques/Methods 

Several methods are employed to achieve optimal 

crystallization for bioavailability improvement: 

1. Cooling Crystallization: In this method, a 

supersaturated solution is cooled to induce crystal 

formation. The cooling rate can influence the size and 

quality of the crystals [9]. 

2. Anti-Solvent Crystallization: This method involves 

adding a non-solvent to a solution, causing the solute to 

precipitate out as crystals. It is useful for drugs that are 

poorly soluble in water. 

3. Sono crystallization: Ultrasonic waves are used to 

promote nucleation and control crystal size. This 

technique is beneficial for achieving uniform crystal 

size, enhancing dissolution rates [10]. 

4. Polymorphic Crystallization: Controlling 

polymorphism is critical as different crystal forms 

(polymorphs) can exhibit varying solubilities and 

bioavailability. Crystallization methods that specifically 

target stable, bioavailable polymorphs can optimize 

drug performance. 

5. Supercritical Fluid Crystallization: Supercritical 

fluids (e.g., supercritical CO₂) are used to dissolve and 

recrystallize compounds, offering fine control over 

particle size and distribution [11]. 

6. Microwave-Assisted Crystallization: This technique 

uses microwave radiation to induce crystallization, 

allowing faster crystallization and better control of 

crystal morphology. 

 

2. Azithromycin 

Azithromycin is a widely prescribed macrolide antibiotic 

known for its broad-spectrum activity against bacterial 

infections, including respiratory, skin, and soft tissue 

infections. It has become a cornerstone in antimicrobial 

therapy due to its long half-life, excellent tissue penetration, 

and convenient dosing regimen. However, despite its 

therapeutic benefits, azithromycin faces significant 

biopharmaceutical challenges. Classified as a 

Biopharmaceutical Classification System (BCS) Class II 

drug, it exhibits low aqueous solubility, which limits its 

dissolution in the gastrointestinal tract, and moderate 

permeability, which can affect its systemic absorption and 

bioavailability. These limitations often result in suboptimal 

therapeutic outcomes, particularly in cases requiring rapid or 

consistent drug delivery [12]. 

The poor solubility of azithromycin stems from its intrinsic 

physicochemical properties, including its high molecular 

weight and lipophilicity. This creates hurdles in achieving 

efficient drug absorption and necessitates higher doses, 

potentially leading to side effects or drug resistance. 

Moreover, its limited permeability adds to the complexity of 

formulating effective drug delivery systems. Addressing 

these challenges is critical to improving azithromycin's 

therapeutic efficacy and optimizing its pharmacokinetic 

profile. 

 

 
 

Fig 1: Structure of Azithromycin 
 

Need for Enhancement: 

• Despite azithromycin's effectiveness, its formulation 

challenges (such as low solubility) often necessitate the 

use of excipients to improve its pharmacokinetic 

properties. 

• Excipients can play a critical role in improving the 

solubility, stability, and permeability [13] of 

azithromycin. 

 

Azithromycin Solubility Challenges 

• Chemical and Physical Properties: 

▪ Azithromycin has poor aqueous solubility, which 

limits its absorption in the gastrointestinal (GI) 

tract. 

▪ Poor solubility is a major cause of variability in the 

drug’s bioavailability. 
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3. Strategies for Enhancing Azithromycin Solubility and 

Bioavailability 

3.1 Cyclodextrins and Inclusion Complexes 

▪ Cyclodextrin Overview: 

• Cyclodextrins (CDs) are cyclic oligosaccharides 

that can encapsulate hydrophobic drugs in their 

hydrophobic cavities, improving their solubility 

and stability. 

• β-cyclodextrin and its derivatives (e.g., 

hydroxypropyl-β-cyclodextrin) are particularly 

effective at enhancing the solubility of poorly 

soluble drugs like azithromycin [14]. 

▪ Mechanism of Action: 

• Cyclodextrins can form inclusion complexes with 

azithromycin by inserting the drug's hydrophobic 

portions into their cavities, preventing 

crystallization and improving solubility. 

• The solubility enhancement occurs due to the 

reduction of drug aggregation and stabilization of 

the drug in a more soluble form. 

▪ Application in Azithromycin Formulations: 

• Various studies have explored the use of β-

cyclodextrin or hydroxypropyl-β-cyclodextrin to 

improve azithromycin’s solubility. 

• The inclusion complex formulation enhances the 

dissolution rate of azithromycin, increasing its 

absorption in the GI tract. 

• Cooling crystallization, a technique where the 

temperature is lowered to facilitate the formation of 

inclusion complexes, can be used to increase the 

stability of the complex and optimize drug release 

[15]. 

 

3.2 Fatty Acids and Permeability Enhancers (e.g., 

Sodium Caprate) 

▪ Sodium Caprate as a Permeability Enhancer: 

• Sodium caprate is a medium-chain fatty acid that is 

known to enhance the permeability of drugs across 

the gastrointestinal mucosa. 

• It acts by disrupting the lipid bilayer of the 

intestinal membrane, increasing the absorption of 

poorly absorbed drugs [16]. 

 

 
 

Fig 2: Sodium Caprate 

 

▪ Mechanism of Action: 

• Sodium caprate increases drug permeability by 

improving the lipophilicity of the drug-excipient 

complex and increasing membrane fluidity. 

• This excipient enhances the intestinal 

permeability of azithromycin by interacting with 

the enterocyte membrane, facilitating easier drug 

entry into the bloodstream. 

 

▪ Combination with Cyclodextrins: 

• When used in combination with cyclodextrins, 

sodium caprate can improve both solubility and 

permeability. 

• This combination can be particularly useful for 

enhancing both the absorption and bioavailability 

of azithromycin. 

• Solid dispersion systems combining azithromycin, 

cyclodextrins, and sodium caprate have been 

studied to optimize the drug’s pharmacokinetic 

properties [17]. 

 

3.3 Solid Dispersion Systems 

▪ Solid Dispersion Technique: 

• Solid dispersion involves dispersing the drug (in 

this case, azithromycin) in a water-soluble carrier 

(e.g., polyethylene glycol) or a combination of 

excipients. 

• This technique increases the surface area of the 

drug, allowing for faster dissolution and improved 

bioavailability. 

• Cyclodextrins and sodium caprate can be 

incorporated into solid dispersions to further 

enhance drug release and absorption. 

▪ Advantages: 

• Solid dispersions improve the dissolution rate and 

bioavailability of azithromycin, especially when 

used with permeability enhancers like sodium 

caprate. 

• This strategy is effective for oral dosage forms 

where rapid drug release is essential for therapeutic 

effectiveness [18]. 

 

3.4 Future Directions 

Advancing the solubility and permeability of azithromycin 

using crystallization techniques opens numerous 

opportunities for future research and innovation. Below are 

some key directions that could further enhance the 

effectiveness of such approaches [19]: 

1. Exploration of Novel Crystallization Techniques 

▪ Mechanochemistry: The use of mechanical energy to 

induce cocrystallization or polymorph transformations 

without solvents. This sustainable and scalable 

approach could lead to eco-friendly drug manufacturing 

[20]. 

▪ Microfluidics: Employing micro-scale flow systems to 

precisely control crystallization parameters, enabling 

uniform particle size distribution and rapid optimization 

of crystal properties. 

▪ Spray Freeze-Drying: A combination of spray drying 

and freeze-drying to produce ultra-fine particles with 

enhanced dissolution rates. 

▪ Focus on Patient-Centric Formulations [21]. 

▪ Development of fast-dissolving or orally disintegrating 

tablets using crystallized azithromycin forms, 

enhancing patient compliance. 

▪ Customized dosage forms, such as pediatric or geriatric-

friendly formulations, utilizing improved solubility and 

bioavailability. 

▪ Biocompatible and GRAS Coformers. 

▪ Further investigation into Generally Recognized as Safe 

(GRAS) coformers for cocrystal formation, ensuring 
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safety, regulatory acceptance, and patient compatibility. 

▪ Long-Term Stability Studies. 

▪ Extensive studies on the stability of polymorphic forms, 

cocrystals, and amorphous formulations under various 

storage conditions to ensure consistent therapeutic 

performance and shelf life. 

 

4. Conclusion 

By combining cooling crystallization with the use of 

cyclodextrins and sodium caprate, it is possible to enhance 

both the solubility and permeability of a drug formulation. 

Cyclodextrins will improve the solubility through complex 

formation, while sodium caprate can enhance the 

permeability, potentially improving bioavailability. This 

method could be particularly useful in formulations 

targeting oral delivery of poorly soluble or poorly absorbed 

drugs. 

If you're preparing a paper or a study based on this, focusing 

on the interactions between cyclodextrins and sodium 

caprate during crystallization, as well as their synergistic 

effects on solubility and permeability, would provide 

valuable insights for drug formulation strategies. 
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