
 
 

© STM Journals 2025. All Rights Reserved 78  
 

ISSN: 2394-7268 

Volume 12, Issue 2, 2025 

May–August 

DOI (Journal): 10.37591/TDD 
STM JOURNALS

Trends in  

Drug Delivery 
 

https://journals.stmjournals.com/tdd 

Review TDD 
 

Pharmaceutical Bead Formulations: A Comprehensive 
Overview into Advanced Drug Delivery  
 

Vedant Patel1, P. N. Vaishnavi1, Himanshu Solanki2,*, Jaimin Kumar Patel3 

 

Abstract 

Pharmaceutical beads are a unique and flexible drug delivery vehicle that provides numerous 

possibilities to control the release of drugs, protect them, and increase their therapeutic performance. 

These beads make it possible to design several types of therapeutic regimens by incorporating active 
pharmaceutical ingredients in a polymeric or lipid matrix. This review discusses the bead technology 

in drug delivery from its inception to its present application, focusing on the most important changes 

in bead formulation and their application in the invention of new drugs. Beads are the most 

significant in sustained and controlled release formulations, which are associated with better patient 
compliance and fewer side effects, and can be used in the treatment of patients in a more personalized 

way. 
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INTRODUCTION TO PHARMACEUTICAL BEADS 

Pharmaceutical beads are round, small-sized particles that are used as a drug dosage form. They are 

also known as pelletized dosage forms or multiparticulate systems. Pharmaceutical beads have gained 
significant importance in the field of drug delivery due to their versatile applications in improving the 

drug efficacy, patient compliance, and therapeutic outcome. They vary in size from a few µm to 

several mm, are small, and are prepared to enclose one or more active pharmaceutical ingredients 
(APIs) within a polymer or lipid matrix. The main objective of pharmaceutical beads is to control the 

release of a drug, enhance its stability, and improve the overall therapeutic efficacy while assuring 

patient compliance [1]. 

 
Pharmaceutic beads are commonly composed of three primary elements: the active drug, an inert 

core (most often sugar or microcrystalline 

cellulose), and excipients that encompass binders, 
coatings, or release-modifying agents [2]. 

 
These beads are available in a diameter range of 

0.1–2 mm. Depending on the therapeutic 
requirement, beads can be formulated into 
capsules, sachets, or tablets. One of the major 
advantages of beads is that they can maintain drug 
release by customizable coating techniques, over 
traditional single-unit tablets or capsules. 
Pharmaceutical beads have been widely used in 
the development of extended or delayed release 
formulations [3]. 

 
Being very flexible and efficient, beads as a 

pharmaceutical delivery system are greatly 
versatile. Their application enhances therapeutic 
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outcomes through modifications of drug release profiles, improvement of compliance in patients, and 
reduction of side effects – they are, therefore, key instruments in modern pharmacy practice. Once 
technology advancement evolves, the role that beads play within personalized medicine and targeted 
drug delivery will expand more [4]. 
 

HISTORY OF BEAD FORMULATION 
Being accelerated because of the fast developments in technology, material science, and 

understanding of drug delivery mechanisms over the last few hundred years, the history of 
pharmaceutical bead formulation has witnessed several aspects with respect to formulation and 

understanding of multiple particulate bead formulations. Bead formulations, mainly multiple-
particulate drug delivery systems, have drawn significant attention in pharmaceutical sciences as a 
controlled, sustained, or targeted release of drugs. Following are some details on these key milestones 
in the history of pharmaceutical bead formulation. 

 
Ancient Origins of Bead-Like Dosage Forms 

The early history of pharmaceutical beads dates to ancient Egypt, Greece, and China, where herbal 
remedies were compressed into small and ingestible shapes. While these early formulations lacked 

precise dosing and drug release control, they laid the foundation for the concept of distinct medication 
doses [5, 6]. 
 

Development of Pills and Granules (17th–19th Century) 

In the 17th and 18th centuries, granulation techniques advanced, producing pills, granules, and 
powders. Granules, formed by binding powdered medicine with liquids or binders, were early 
precursors to modern pharmaceutical beads [7, 8]. Early apothecaries manually blended active 

ingredients with excipients, like honey or syrup, to form pills, resulting in non-uniform sizes and 
inconsistent dosing [9]. By the 19th century, sugar-coated pills emerged to mask bitterness, paving the 
way for advanced coatings that later enabled controlled drug release [10]. 
 

The Birth of Multiparticulate Systems (1960s) 

In the 1960s, multiparticulate drug delivery gained popularity, using small drug-filled particles 
instead of single large doses, allowing for more controlled and consistent release [11, 12]. 

 

Advancements in coating technology introduced polymers, like ethyl cellulose and HPMC, 
enabling sustained and extended-release drug formulations [13]. 
 
Technological Advancements in the 1970s and 1980s 

In the 1970s, extrusion-spheronization revolutionized bead production by shaping wet drug-
excipient masses into uniform, dense pellets, ensuring scalable and consistent drug release [14]. 

 

In the 1970s and 1980s, fluidized bed coating improved drug layering on beads, enabling precise, 
controlled release and advancing multiparticulate drug systems [15]. In the 1980s, bead-based 
controlled-release drugs improved pharmacokinetics, reducing side effects and enhancing compliance, 
with major firms like SmithKline Beecham and Pfizer leading the market [16]. 

 
Widespread Commercialization and Innovation (1990s–Early 2000s) 

In the 1990s and 2000s, beads were used in combination therapies, incorporating multiple drugs 
into a single form, with each drug layered on different beads for controlled or delayed release [17]. In 

the 1990s and 2000s, pharmaceutical beads were increasingly used in modified release systems, 
offering pulsatile, delayed, or extended release. Advances in polymer science enabled coatings that 
responded to environmental triggers, enhancing targeted drug delivery [18]. 
 

Beads with enteric coatings protect drugs from gastric acid, allowing release in the intestine, 
especially for drugs that degrade in acid or irritate the stomach [19]. 
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Present-Day Innovations and Future Trends (2010s–Present) 
Nanoparticles and microparticles are gaining interest as advanced drug delivery systems, offering 

more precise release and targeting at the nanoscale, enhancing the principles of multiparticulate 
systems [20]. 3D printing in pharmaceuticals enables tailor-made bead formulations for personalized 
medicine, allowing precise drug loading and controlled release [21]. Advanced coatings, like smart 
polymers and responsive coatings, enable targeted drug release by reacting to physiological 
conditions, optimizing bead formulations [22]. 

 
Bead technology remains key in controlled-release drug delivery, improving compliance and stability 
while researchers explore new materials and methods [23]. 
 
IMPORTANCE IN DRUG DELIVERY 

Pharmaceutical beads have been found to be very useful in improving the bioavailability of drugs, 
particularly drug products with low solubility and narrow therapeutic windows. Beads control drug 
release, maintain therapeutic drug levels, minimize side effects, and make drug administration more 
effective and patient compliant [24, 25]. 

 
The multiparticulate nature of beads can improve the distribution of the drug throughout the 

gastrointestinal tract, enhancing absorption and efficacy. Additionally, beads can be engineered for 
targeted delivery to specific tissues or organs, further optimizing therapeutic outcomes [26]. 
 
Factors Affecting the Formulation of Beads 
 

 
Figure 1. Schematic representation of factors affecting the beads formulation. 
 
Physicochemical Factors [2–5] 
1. Since most drugs are weak bases or acids, it is challenging to incorporate them into mechanisms 

for prolonged release. It might be challenging to include medications with low water solubility 
and challenging to delay the dissolution of medications with high water solubility and a quick rate 
of dissolution. Absorbing quickly and increasing blood medication concentration is possible when 
a medicine has high water solubility since it may dissolve in water or gastrointestinal fluid. pH-
dependent solubility can also be problematic for prolonged release formulations, especially in the 
physiological pH range. The solubility, dissolution, and intestinal permeability contributions to 
oral absorption are estimated using the biopharmaceutical categorization system (BCS). Sustained 
release dosage forms are not recommended for Class III and IV medications, because solubility 
problems with substances containing less than 0.1 mg/ml are substantial (Figure 1) [27–30]. 

2. Partition Coefficient (P (o/w)): The percentage of medication in an oil phase relative to that in an 
adjacent aqueous phase is known as the partition coefficient. Because biological membranes are 
lipophilic, drugs that pass through them have high bioavailability if the drug’s partition coefficient 
is affected. Because they won’t partition out of the lipid membrane once they are inside, 
medications with lower partition coefficients are inappropriate for oral CR drug delivery systems, 
while drugs with larger partition coefficients are likewise inappropriate for oral SR drug delivery 
systems [31]. 
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3. Medication pKa and Ionization at Normal pH: Oral sustained release drug delivery systems are 

not the best option for medications that are mostly found in ionized form. Unionized medications 

absorb effectively, while ionized drug penetration is minimal because ionized drug absorbs at a 

rate three to four times lower than that of unionized pharmaceuticals. For optimal positive 

absorption, the ionization constant ranges for acidic drugs are around 3.0–7.5, and for basic drugs 

are approximately 7.0–11.0. The drug will be unionized at the location at a degree of 0.1%–5.0% 

[27]. 

4. Medication Stability: Upon oral administration, drugs experience both enzymatic degradation and 

acid/base hydrolysis. Drugs that are unstable in the stomach and take longer to reach the complete 

GI tract may degrade at a slower rate if they are in a solid form. The drug’s bioavailability may be 

reduced if it is taken in a prolonged-release dose form that is unstable in the small intestine. This 

happens because the small intestine receives a larger dose of the medication and experiences 

higher levels of breakdown [8–10]. 

5. Molecular Size and Diffusivity: The size and form of the membrane’s cavities affect diffusivity. A 

medication with an intermediate molecular weight has a diffusion coefficient of 100–400 Daltons 

and a flexible polymer range of 10–6–10–9 cm2/sec. In many polymers, the diffusion coefficient for 

medications more than 500 Daltons is very low, often less than 10–12 cm2/sec. Proteins and 

peptides are examples of medications whose release rates from dosage forms are challenging to 

regulate [31]. 

6. Biological Factor: The absorption behavior of a drug can impact its suitability as an extended-

release product. Sustained release products aim to control the delivery system, ensuring that the 

rate of release is slower than the rate of absorption. Low absorption rate constants are poor 

candidates due to factors, such as poor water solubility, small partition coefficient, acid 

hydrolysis, metabolism, or absorption site. Drug distribution in tissues also affects drug 

elimination kinetics, with a high apparent volume of distribution affecting the rate of elimination. 

Formulation scientists must consider the drug’s disposition for sustained release products. 

Extensively metabolized drugs are not suitable for SR delivery systems, as they may struggle to 

maintain constant blood levels. Drugs metabolized before absorption in the lumen or intestinal 

tissues may show decreased bioavailability from sustained-release systems. Enzymes in intestinal 

walls are saturated, and systems should be designed to allow for more complete conversion of the 

drug to its metabolite [29]. 

7. Half-Life: A drug’s half-life is a measure of how long it stays in the body. The dosage form may 

contain an excessively high amount of the medicine if it has a short half-life (less than two hours). 

However, when given in a typical dosage, drugs with an elimination half-life of eight hours or 

longer are adequately regulated in the body, negating the need for a sustained-release drug 

delivery system. A medication with a half-life of three to four hours is ideal for drug delivery 

system formulation [28–30].  

8. Therapeutic Index: It is not appropriate to include medications with poor therapeutic indices in 

sustained-release formulations. Dosage dumping can happen if the body’s mechanism 

malfunctions, which might result in toxicity [29].  

9. Size of Dose: A medication is a less good option for SRDDS if its dose in the normal dosing form 

is high. This is because a unit dosage sustained-release oral formulation would grow too large to 

easily deliver [31]. 

10. Absorption Window: When taken orally, certain medications exclusively absorb from a particular 

area of the digestive system. We call this section the absorption window. Additionally, these 

applicants are unfit for SRDDS [7].  

11. Plasma Concentration Response Relationship: Pharmacological action is typically more related to 

plasma drug concentration than to dosage. However, medications with pharmacological action 

that is not reliant on plasma concentrations are not good choices for oral SR drug delivery modes 

(Table 1) [31]. 
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TYPES OF PHARMACEUTICAL BEADS 

 

Table 1. Describing the various types of beads. 

S. N. Type of Beads Description Reference 

Based on Release Mechanism 

1. Osmotic beads Contains an osmotic agent that draws water into the bead, and through 
this process, the drug is released. 

[32]. 

2. Magnetic beads Thus, external magnetic fields can control them and thus aid targeted 
drug delivery. 

[33]. 

3. Light-responsive beads The release of the drug is governed by light, thus paving the way for 

regulated release and space-time targeting. 

[34]. 

4. pH-sensitive beads Deliver the drug at specific pH levels, for example, in the stomach or 
intestine. 

[35]. 

Based on Application 

1. Vaccine beads It can be used as an encapsulation agent that provides sustained release 
with enhanced immune response. 

[36]. 

2. Gene delivery beads It can also be used for gene therapy by direct delivery of DNA or RNA. [37]. 

3. Imaging beads Filled with contrast agents, it can be used for diagnostic imaging to be 
possible through their usage. 

[38]. 

4. Tissue engineering 
beads 

It acts as a scaffold for tissue regeneration. [39]. 

Specialized Beads 

1. Microparticles They are even smaller than beads and are used in fast drug delivery or 

targeted delivery. 

[40]. 

2. Nanoparticles Still smaller, they are used for enhanced penetration of drugs with 
controlled release. 

[41]. 

3. Liposomes These vesicles are made of phospholipids. They are used for the 
encapsulation of both hydrophilic as well as hydrophobic drugs. 

[42]. 

4. Micelles Self-assembly structures formed by surfactants are used to solubilize 
and achieve controlled release of hydrophobic drugs. 

[43]. 

Based on Composition 

I. Polymer Beads 

1. Alginate beads Generally, used in controlled release and targeted delivery, specifically 
to the gastrointestinal tract. 

[44]. 

2. Chitosan beads Biodegradable and positively charged: used in mucosal drug delivery. [45]. 

3. Gelatin beads Biodegradable and versatile: can be utilized in a range of drug delivery 
applications. 

[46]. 

4. Polyvinyl alcohol 
(PVA) beads 

It’s applied in controlled release with the capacity for modification of 
its properties. 

[47]. 

II. Inorganic Beads 

1. Calcium alginate beads Preparation from crosslinking by Ca2+ ions with alginate is applied in 

controlled release. 

[48]. 

2. Calcium phosphate 
beads 

Biodegradable and targeting the bone. [49]. 

3. Silica beads Used as carrier agents for hydrophobic drugs and for controlled release. [50]. 

Based on Release Mechanism 

1. Matrix beads The drug is dispersed uniformly in the bead matrix, where it leaches out 
gradually as the matrix degrades. 

[51]. 

2. Reservoir beads Drug encapsulated in a shell of a polymer, which will then be released 
either by diffusion or controlled erosion. 

[52]. 

3. Coated beads The rate-controlling can be obtained by applying a polymer coating on 
beads. 

[53]. 

Based on Route of Administration 
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1. Oral beads Used for sustained release of drugs, targeted delivery for specific parts 
of the gastrointestinal tract, or masking unpleasant taste. 

[54]. 

2. Parenteral beads Used for controlled release of drugs to be administered via injection, 

like insulin or growth factors. 

[55]. 

3. Mucosal beads Used for drug delivery to mucous membranes through the nasal, oral, or 
vaginal cavities. 

[56]. 

4. Transdermal beads Used for controlled drug delivery through the skin. [57]. 

 

MANUFACTURING TECHNIQUES FOR BEAD FORMULATION 

Extrusion and Spheronization 

The primary application of extrusion spheronization is in the preparation of multiparticulates, 

which are small beads or pellets, to deliver some advantages of high bioavailability, reduced 
undesirable side effects, and increased stability. This process, most used, involves a mixture of APIs 
with APIs, excipients, and binders that will be processed through extrusion and spheronization to 
produce beads [58]. 

 
Key Steps in the Extrusion Spheronization Process [59] 
 

 
Figure 2. Diagrammatic representation of the extrusion-spheronization process. 

 
The wet mass or paste is prepared as the first step in the process of extrusion spheronization by 

mixing the API with an excipient, which can includes binders that hold the mass together 
(polyvinylpyrrolidone (PVP), hydroxypropyl methylcellulose (HPMC), maltodextrin), fillers that 
contribute to the weight of the formulation (like lactose and starch), disintegrants that cause the beads 

to disintegrate in the gastrointestinal tract include croscarmellose sodium and sodium starch glycolate. 
The dry mix is subjected to the addition of a suitable solvent, most commonly water or an aqueous 
solution, to form a cohesive wet mass. Addition of the solvent in the correct proportion is quite 
important to gain the right consistency for extrusion (Figure 2). 

 
The wet mass is fed into an extruder; this could be a single-screw extruder or a twin-screw extruder. 

The wet mass is forced through the die in the extruder. This results in the material being produced in 

long strands or filaments. Therefore, the diameter of the produced extrudate depends on the size and 
shape of the die used. Key parameters during extrusion are speed, temperature, and size of the die 
screw. The extrudates are cut into pellets or small pieces, typically of length small enough to be 
conveniently passed through the opening of a pelletizer. The cut extrudates are placed into a 

spheronizer used in the preparation of spherical particles from irregularly shaped extrudates. 
Spheronizers can work through the aid of either a rotating plate or drum. 
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This mechanical action rolls up the edges of extrudates with each other to form spherical beads. 
Spheronization parameters: the speed, time, and moisture content may significantly determine the 
final characteristics of the beads. After spheronization, the produced beads are normally dried to 

remove all traces of moisture and obtain the desired mechanical strength. This can be achieved by 
using tray dryers, fluidized bed dryers. post-processing and coating is done depending on the desired 
application, including sieving, coating, and blending. This can be blended with other excipients or 
drugs for the final product according to the desired formulation. 

 
Applications of Extrusion Spheronization in Pharmaceutical Bead Formulation [60–62] 
1. Controlled-release formulations. 
2. Improved solubility and bioavailability. 

3. Taste masking. 
4. Multiparticulate drug delivery systems. 
5. Stability improvement. 

 

Ionotropic Gelation 

Among all the methods utilized to synthesize polymeric beads, the most widely used one is 
ionotropic gelation, often for encapsulating drugs within biodegradable or biocompatible materials 

like alginate, chitosan, or other polysaccharides. This method basically follows the process by which 
beads are formed through the cross-linking of polymer chains by multivalent ions, causing gelation. It 
is very simple and does not need organic solvents and thus is often used for encapsulation purposes of 
sensitive drugs, peptides, and proteins (Figure 3) [63]. 

 

 
Figure 3. Diagrammatic representation of the ionotropic gelation process. 

 

Here’s a Step-By-Step Description of the Process 

Dissolve a suitable polysaccharide, such as sodium alginate, in deionized water. Typical 
concentrations are between 1% and 5% w/v, depending upon required viscosity and bead strength, 

respectively. Drug is dissolved or dispersed in the polymer solution. Based on the solubility of the 
drug, it can be either a solution or a suspension. Cross-linking solution is prepared by adding a cross-
linking agent into water. For example, in the case of alginate beads, a CaCl₂ solution of 1%–2% w/v is 
normally used. For chitosan beads, TPP solution can serve as a cross-linker. The concentration of the 

solution should be appropriate to provide proper gelation. Polymer–drug solution is dropped dropwise 
into the cross-linking solution using a syringe or a precision needle. Ionic cross-linking rapidly gels 
the droplets as they fall into the cross-linking solution. The size of the beads can be controlled in this 



 

Trends in Drug Delivery 

Volume 12, Issue 2 

ISSN: 2394 7268 

 

© STM Journals 2025. All Rights Reserved 85  
 

method by altering the needle size or the rate of extrusion. Mechanical or air-assisted methods, such 
as air-jet extrusion or mechanical nozzles, that assist with the formation of uniform beads with 
defined sizes [64]. 

 
When the polysaccharide (e.g., alginate) solution meets the multivalent ions (e.g., Ca²⁺ from 

calcium chloride), the cross-linking ions bind to the carboxyl groups of the polymer, creating a three-
dimensional gel network [65]. This rapid interaction leads to the formation of spherical beads. The 
beads are left to stand in the cross-linking solution for a specified period (usually 10–30 minutes) to 
ensure complete gelation and bead formation. The resultant beads are allowed to harden either by 
staying in the cross-linking solution or by being transferred into a secondary hardening solution to 
improve the mechanical strength. Once the beads have fully formed, they are gently taken out from 
the crosslinking solution through a sieve or filter, washed with deionized water or buffer to remove 
any remaining cross-linking ions or unreacted polymer, and then dried. 
 
Applications [66] 
1. Controlled and sustained drug release. 
2. Encapsulation of sensitive molecules. 
3. Targeted drug delivery. 
 
Spray Drying 

Spray drying is one of the most used processes in the pharmaceutical industry for the preparation of 
dry powder in the form of powders, granules, or beads through drying of a liquid or slurry in a hot 
gas. Spray drying can, therefore, be used in pharmaceutical bead formulation to obtain beads or 
microparticles useful for drug delivery systems when drugs need to be solubilized for optimal 
absorption or released slowly, or when preparing multiparticulate dosage forms. This method is 
particularly useful in making amorphous solid dispersions, enhancing drug bioavailability, and 
designing controlled-release formulations (Figure 4) [67]. 
 
Key Steps in the Spray Drying Process [68] 

 
Figure 4. Diagrammatic representation of the spray drying process. 

 

The initial step of spray drying is the preparation of the feed solution or suspension. This feed 
contains the API blended with one or more excipients like Polymers (HPMC, Eudragit, and PVP) 
forming the bead matrix, surfactants that facilitate its stabilization and increase hydrophobic drug 
solubility. Solvents for dissolving or dispersing API and excipients, which comprise water, ethanol, 
and acetone. Plasticizers, such as PEG and triacetin, are used to make the polymer matrix flexible. 
Liquid Feed Formulation: Formulation of liquid feed is an important part of the process. It determines 
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many characteristics of the dried beads, like particle size, drug loading, and release profile. Liquid 
feed is supplied to the spray dryer and atomized into fine droplets. Fine droplets generated by an 
atomizer are dosed into a chamber where they meet a hot drying gas, which is usually air or nitrogen. 
The temperature of the hot air shall vary with the requirements of chemical stability of the drug and 
excipients used, and generally ranges from 100°C to 200°C. The solvent-whether it is water or an 
organic solvent-evaporates fast, and this tends to leave behind solid particles or beads containing the 
drug and excipients as the droplets pass through the drying chamber. The atomized droplets are dried 
instantaneously; the solvent evaporates because of the drying gas, and in milliseconds to a few 
seconds, droplets turn into solid beads or particles. The inlet temperature is taken considering the heat 
sensitivity of the API. A lower drying temperature is applied when the API is sensitive to heat to avoid 
degradation. Such fixed beads or microparticles, after drying, are separated from the drying air by 
using cyclones or filters and collected in the powder collection chamber. The design of the drying 
chamber prevents agglomeration from happening during the process, hence providing free-flowing 
and discrete beads. Once the microparticles or beads have been collected, they may undergo further 
post-processing, that is sieving, blending to achieve the final properties. 

 

Drug release may be controlled by applying a coat to the beads. Coating is done by applying 

functional polymers on the beads. The enteric coating may be cited as shielding off releasing drugs in 
the stomach, while hydrophobic coatings are used for sustained-release formulations. 

 

Applications of Spray Drying in Pharmaceutical Bead Formulation [69] 
1. Amorphous solid dispersions. 

2. Controlled-release beads. 

3. Encapsulation of sensitive drugs. 

4. Multiparticulate drug delivery systems. 
5. Taste masking. 

6. Enteric-coated beads. 

 
Hot Melt Extrusion (HME) 

HME is a process combining versatility with advanced techniques of processing for the preparation 

of solid dispersions, formulation of controlled-release dosage forms, and enhancement of drug 
solubility. In HME, drugs are blended with a polymer matrix under the action of heat and mechanical 

shear and become a homogeneous molten mass to be extruded into filaments, rods, or beads. This 

method has gained significant attention from the pharmaceutical arena, especially in formulating 

sustained- or modified-release preparations (Figure 5) [70–72]. 
 

Key Steps of the HME Process [73] 

 

 
Figure 5. Diagrammatic representation of HME process. 
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API: The drug is process-compatible, hence stable at the processing temperature and not prone to 

degradation. 

 

Polymers are chosen based on their thermal stability and drug release profile. Some of the most 

used polymers in HME include Ethyl cellulose, Eudragit (polymethacrylate) PVP, Hydroxypropyl 

cellulose (HPC), Polyethylene glycol (PEG). 

 

Triethyl citrate or propylene glycol plasticizers are used as plasticizers to reduce the processing 

temperature, increase polymer flexibility, and enhance the mechanical properties of the extrudates. 

Other excipients, like solubilizers, surfactants, or stabilizers, might be used to improve the solution of 

the drug during the dissolution process or avoid degradation before preparation. The raw materials, 

comprising API, polymer, plasticizer, among others, are fed into the extruder through a hopper. The 

feeding can be done with gravimetric feeders or volumetric feeders to ensure accurate and consistent 

input into the extruder. The feed material can be in the form of a powder, granule, or pellet. The core 

process of HME resides in the extruder itself, or a barrel and screws. Heating zones are designed into 

an extruder that raises the temperature along the length of the barrel. The temperature can be precisely 

controlled, varying from 50°C to over 200°C. This is dependent on the melting point of the polymer, 

along with the API. In the barrel, during movement, the material undergoes mechanical shear with the 

thermal energy provided by rotating screws. This shearing action helps the materials to get perfectly 

mixed up and melt, hence forming a homogeneous molten mass. Screw design is another critical step, 

which decides on the efficiency of mixing, melting, and conveying of the material. Twin-screw 

extruders are used primarily in pharmaceuticals since they can mix the materials more effectively than 

single-screw extruders. Once the material is melted and mixed well, it is then forced through an 

extrusion die, which gives the material a certain shape. The die may come in different designs and 

may produce filaments, rods, or small beads. For the pharmaceutical bead formulation, the die will 

typically be fitted with small orifices through which the molten material is extruded to come out in 

cylindrical shapes, which could then be further processed into spherical beads. After extruding, the 

molten material needs to be cooled for the shape that forms after extrusion to become solid. The drug–

polymer matrix is allowed to solidify into a stable configuration during cooling. In this process, the 

drug is “frozen” into the polymer matrix. Once the extruded material has solidified, further processing 

may be required in a post-processing step to achieve a final bead formulation that includes 

spheronization, screening, and coating. 

 

Applications of HME in Pharmaceutical Bead Formulation [74] 

1. Controlled-release beads. 

2. Solubility enhancement. 

3. Fixed-dose combinations. 

4. Taste masking. 

5. Enteric coating. 

 

MELT SOLIDIFICATION TECHNIQUE 

The melt solidification process refers to a technique for pharmaceutical bead formulations to make 

solid dosage forms from melted excipients and APIs. Its advantage is also enhanced in improving the 

solubility of such poorly water-soluble drugs, enhancing bioavailability, and enabling controlled drug 

release. Below is a detailed explanation of the melt solidification process, including its principles, 

steps, and applications (Figure 6) [75–77]. 

 

Key Steps in the Melt Solidification Process [78] 

Several APIs and excipients may be chosen depending upon the therapeutic behavior of an 

excipient, its compatibility with the API, and the desired characteristics of drug release. Excipients 
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most commonly used are Polymers, like PEG, PVP, and ethyl cellulose, and plasticizers, such as 

triethyl citrate or glycerin, that increase the flexibility and flowability of the melted mass. Fillers, like 

lactose or microcrystalline cellulose, are added to add bulk. Excipients chosen along with the drug 

API are mixed in a very controlled heating process till they melt homogeneously. This process can use 

hot melt extruders, melting pots, or ovens. 

 

Continuous mixing of the melt mass is required to ensure a uniform API distribution in the 

excipient matrix. Appropriate mixing is needed; otherwise, one would run the risk of experiencing 

localized overheating and degradation. The resultant solution is then cooled to start the solidification 

of the liquid. This can be done with various methods like cooling baths and air cooling. The molten 

mass transforms from a liquid state to a solid state when it cools down. Solidified beads can be made 

by different processes of solidified beads. The beads are collected and would, depending on the 

application, maybe sieved to achieve a uniform particle size distribution. The formulation can receive 

further surface treatments, such as coating, to enhance the drug release profile or stability. 

 

 
Figure 6. Diagrammatic representation of melt solidification process. 

 

Applications of Melt Solidification Process (Table 2) [79] 

• Improving solubility and bioavailability. 

• Controlled-release formulations. 

• Taste masking. 

• Sustained-release beads. 

• Granulation. 

 

MATERIALS USED IN BEAD FORMULATION 

Various categories of materials are utilized in the formulation of beads. Different types of beads 

require different excipients, which are described in Table 3.  
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Table 2. Comparison of bead formulation techniques based on advantages and challenges. 

Method Advantages Challenges 

Extrusion and spheronization [61, 62]. 

Uniformity in size and shape Material compatibility 

Scalability Moisture sensitivity 

Versatility Thermal sensitivity 

Continuous process Capital investment in equipment 

Improved flow properties  

 

Ionotropic gelation [65]. 

Mild conditions Inconsistent particle size and 
shape 

Biocompatibility Limited drug loading efficiency 

Controlled release Crosslinking agent limitations 

 Scalability issues 

 

Spray drying [70, 71]. 

Rapid drying and high throughput  Thermal sensitivity  

Production of amorphous solid 
dispersions 

Solvent recovery 

Versatility in formulation Agglomeration 

Uniform particle size Initial cost of equipment 

Solvent flexibility  

Enhanced stability  

 

HME for bead formulation [75, 76]. 

Solvent-free process Thermal degradation  

Enhanced drug solubility and stability Polymer selection 

Continuous processing High initial cost 

Customizable drug release  

Wide range of formulations  

Scalability  

Melt solidification process [80, 81]. 

Simplified process Thermal sensitivity 

Scalability Equipment costs 

Versatility Compatibility 

Improved stability  

 

Table 3. Describing the various materials required for the formulation of beads. 

S. N. Category of Material Examples References 

1. Polymers   

 Natural Carrageenan, pectin, tragacanth, gelatin, sodium alginate, alginic 
acid, guar gum, gellan gum, xyloglucan, pectin, and chitosan. 

[82]. 

 Synthetic Polystyrene, polypropylene, polyacrylate, polycarbonate, 
polymethacrylates. 

[83, 84]. 

 Biodegradable polymers Polylactones, polyglycolides, polycaprolactones, polyalkyl-
cyanoacrylates, polyorthoesters, and polyphosphoesters. 

[85]. 

2. Gas-generating agents/ 
Floating agents 

Citric acid, tartaric acid, or sodium bicarbonate. 
[86, 87]. 

3. Cross-linking agents Barium chloride, calcium chloride, zinc chloride, barium sulphate, 
zinc sulphate. 

[88]. 

4. Magnetic substances Fe3O4 particles [89]. 

 

Applications of Pharmaceutical Beads 

Pharmaceutically manufactured beads vary from extrusion spheronization, spray drying, or 
ionotropic gelation to many others. Pharmaceutical beads have an enormous range of applications in 
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the pharmaceutical and healthcare industries. Some of the significant uses of pharmaceutical beads are 
as follows: 

1. Controlled Release of Drugs:  

• Sustained Release: Beads can be designed to release the API over days, weeks, or months, 
reducing dosing frequency and improving patient compliance.  

• Targeted Release: Beads can be engineered to release the drug at specific GI tract locations, 

maximizing efficacy while minimizing side effects [90]. 

2. Improving Solubility and Bioavailability:  

• Improved Dissolution: Beads enhance solubility by forming solid dispersions or increasing 

surface area.  

• Bioavailability Enhancement: Beads improve bioavailability by boosting solubility and 

dissolution rates [91]. 

3. Taste Masking: Patient Compliance: Beads mask unpleasant tastes, improving oral tolerance, 

especially in pediatric formulations [92]. 

4. Multiparticulate Systems:  

• Dose Uniformity: Beads ensure even drug distribution for consistent dosing and effects.  

• Reduced Dose Dumping: Multiparticulate formulations prevent dose dumping, reducing 

adverse effects [93]. 

5. Pelletization for Oral Dosage Forms:  

• Tablet and Capsule Fillers: Beads enable precise dosing and enhance formulation 

characteristics.  

• Coating: Additional layers on beads help achieve controlled release, ideal for complex 

formulations [94]. 

6. Stability Improvement: 

• Protection: Beads protect sensitive drugs from moisture, light, and oxygen, enhancing 

stability and shelf life.  

• Controlled Environment: Encapsulation shields drugs from degradation during storage and 

transport [95]. 

7. Regenerative Medicine and Biomedical Applications:  

• Drug-Laden Scaffolds: Beads will also be used as drug-loaded scaffolds in tissue 

engineering, which will enhance cell proliferation and regeneration of the tissue.  

• Cell Encapsulation: Pharmaceutical beads may be utilized as a carrier for the encapsulation 

of living therapeutic cells; examples include cell-based therapies and vaccine delivery [96]. 

8. Cosmetic and Nutraceutical Applications:  

• Nutraceutical Beads: Encapsulate vitamins, minerals, and supplements for controlled 

release and absorption. 

• Cosmetic Formulations: Beads enable controlled release of actives, enhancing skin 

penetration and effectiveness [97]. 

9. Diagnostic Applications:  

• Imaging and Detection: Beads can be functionalized to provide diagnostics applications, 

especially imaging agents or as carriers to administer diagnostic agents with a propensity to 

be targeted in medical imaging [98]. 

10. Vaccines and Immunotherapy:  

• Encapsulation: Beads can encapsulate either antigens or adjuvants, thus improving stability 

and delivery of vaccines, which enhances the immune response [99]. 

11. Combination Therapies:  

• Multiple Drugs in One Formulation: Beads enable different APIs with varied release 

profiles, improving combination therapy and patient adherence. 

12. Sequential Drug Release:  

• Timed Release: Beads allow the timed release of drugs for synergy or activation, 

optimizing therapeutic effects [100]. 
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ADVANTAGES OF PHARMACEUTICAL BEADS 

Pharmaceutical bead formulations offer several unique advantages that make them a preferred 

option for many drug delivery systems. Here are the key benefits: 

1. Modified Drug Release: Beads enable controlled, sustained, or delayed release, reducing dosing 

frequency and maintaining stable therapeutic levels [101]. 
2. Improved Stability: Encapsulation protects sensitive drugs from environmental factors like 

light, moisture, and stomach acids, enhancing shelf life [102]. 

3. Enhanced Patient Compliance: Extended-release beads reduce dosing frequency, improving 

adherence for chronic treatments [103]. 
4. Reduced GI Side Effects: Enteric-coated beads prevent stomach irritation, releasing the drug in 

the intestine for better tolerance [104]. 

5. Combination Therapy: Beads allow multiple drugs with different release profiles in one dosage, 
simplifying treatment regimens [105]. 

6. Uniform Drug Distribution: Small beads ensure even dispersion in the GI tract, leading to 

consistent absorption and effect [106]. 
7. Dose Flexibility: Beads can be customized in size and drug load, supporting personalized 

medicine [107]. 

8. Minimized Dose Dumping Risk: Beads release medication in controlled amounts, preventing 

toxicity from sudden drug release [108]. 
9. Formulation Versatility: Beads can be incorporated into capsules, tablets, or suspensions, 

meeting diverse therapeutic needs [109]. 

10. Taste and Odor Masking: Encapsulation improves palatability, benefiting pediatric and geriatric 
patients [110, 111]. 

 

Challenges and Limitations in Bead Formulation 

1. Complex Manufacturing Process: These intricate processes – layering, coating, and extrusion-
spheronization – require precise control over particle size, drug distribution, and coating 
thickness. Achieving uniformity and consistency, especially in large-scale production, is 

challenging. Even minor variations can impact the drug release profile, potentially affecting 
therapeutic outcomes [112]. 

2. High Production Costs: Pharmaceutical bead preparation involves layering, coating, and 
extrusion-spheronization, requiring precise control over particle size, drug distribution, and 

coating thickness. Maintaining consistency in large-scale production is challenging, as minor 
variations can impact drug release and therapeutic outcomes [113]. 

3. Limited Drug Loading Capacity: Beads typically hold less drug than tablets or capsules, as the 

API is layered onto inert cores or within a coating matrix. This can be a drawback for high-dose 
drugs, making the dosage form impractically large [114]. 

4. Coating Uniformity Issues: Uniform bead coating is crucial for controlled release, but variations 
in thickness or composition can lead to dose dumping or suboptimal effects. Maintaining 

consistency is especially challenging in large-scale continuous production [115]. 
5. Risk of Drug-Excipient Interactions: Bead formulations require many excipients for controlled 

release, risking API interactions that may affect stability or bioavailability. Identifying suitable 
excipients demands extensive screening [116]. 

6. Limited Use for Immediate-Release Formulations: Indeed, while bead formulations are excellent 
for sustained or controlled release, they may not be as good for immediate-release products. A 
coating or a matrix that controls the drug release can delay the onset of action, and it may not 
provide appropriate actions for drugs, those being meant to act fast [117].  

7. Difficulties in Dose Adjustments: Bead dosage adjustment is challenging compared to tablets or 
liquids, which can be easily split or measured. Capsules with beads require a complete 
formulation change for dose modifications [118]. 
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8. Potential for Decreased Patient Acceptability: Bead-filled capsules may be difficult to swallow 
for dysphagic patients, making tablets or dissolvable forms preferable in some cases despite their 
sustained-release benefits [119]. 

9. Intestinal Transit Variability: Bead transit time varies with size, density, and feeding state, 
affecting absorption and drug efficacy, making pharmacokinetics harder to predict accurately 
[120]. 

10. Stability Issues: Bead formulations are prone to chemical degradation and stability issues, 

especially with biodegradable polymers, requiring extensive research to ensure shelf life and 
efficacy under storage conditions [121]. 

11. Regulatory Challenges: FDA and other regulators require extensive testing for bead formulations, 
especially with new technologies like nanomaterials or biodegradable polymers. Approval can be 

lengthy, costly, and more complex for personalized or combination therapies [122]. 
 

CHARACTERIZATION OF BEADS 

A pharmaceutical beads evaluation ensures the quality and safety associated with them, as well as 
their effectiveness in drug delivery systems. Such an assessment process includes several 
characterization tests of beads, both physically, chemically, and biologically, along with performance. 
Some of the commonly performed assessments on pharmaceutical beads include the following: 
 
Physical Characterization 

• Size and Shape [123]: Particle size distribution: This is determined by sieve analysis or laser 
diffraction. Uniform size is necessary for uniform drug release as well as dosing.  

• Shape Analysis: Inspection based upon optical microscope images or SEM images to determine 
the morphology and uniformity of the beads.  

• Surface Area: Surface area measurement: Techniques, such as BET (Brunauer–Emmett–Teller) 
analysis, can determine the surface area, which affects the drug dissolution rate. 

• Density: Bulk density: Mass of beads in a unit volume. Measured in a graduated cylinder. 

• Tapped Density: Density of beads after tapping. Helpful in measuring flow properties. 
 
Chemical Characterization [124] 

• Drug Content Analysis: Determination of API: The content of the drug in the bead is estimated 
using HPLC or UV spectrophotometry, or any other suitable analytical method. 

• Release Profile: In vitro drug release studies kinetics of drug release from the beads is studied 
over time usually by dissolution apparatus. Various media simulating physiological conditions can 
be used. 

• Stability Testing: Long-term stability beads are exposed to controlled conditions and tested for 
drug content, release characteristics, and physical properties at different time intervals to observe 
stability. 

 
Mechanical Characterization [125] 

• Hardness and Friability: Hardness testing: This assesses the mechanical strength of the beads; in 
fact, this is crucial for ensuring that the beads are strong enough to endure handling and transport 
without cracking. 

• Friability Testing: This evaluates the tendency for the beads to break under stress in a way that 
would ensure that they do not crumble during manufacturing and administration. 

• Flow Properties [126]: Angle of repose: Angle up to which the beads can rest on a surface and 
not slide-a measure of flowability. Cohesion and compressibility: Standardized tests to test the 
ability of the beads to flow well during the manufacturing process. 

 
Biological Evaluation [127] 

• In Vitro Biocompatibility: Cytotoxicity testing: The beads must be tested for cytotoxic effects on 
cultured cells so that they would not adversely affect biological systems. 
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• In Vivo Studies: Pharmacokinetic studies: Animal studies must be done to check the 
bioavailability and distribution of the drug from the beads in the animal system. 

• Efficacy Studies: Utilizing the therapeutic effects of the beads-delivery drug in preclinical models. 
 
Thermal Characterization [128] 

• TGA: This method is employed for the determination of weight changes in beads versus 
temperature, and thus to get both the stability and composition. 

• Differential Scanning Calorimetry (DSC): This measures thermal transitions as melting and 
crystallization. These are useful transitions to study for the physical state and compatibility of the 
drug, as well as excipients. 

 
Microscopic Examination [129] 

• SEM: It will produce the surface morphologies and bead structures. In this regard, SEM shall be 
used to scrutinize the beads for most anomalies or flaws. 

• Optical Microscopy: Qualitative observations related to size, the distribution of size, shape, and 
surface characteristics of beads. 

 

Environmental Impact Assessment [130] 

• Moisture Content: Moisture sorption isotherm: Determines moisture’s effect on the stability and 
integrity of the beads, which then contributes to the importance of keeping product quality during 

storage. 

• pH stability: Beads can be checked for their capability to remain stable across a pH range to prove 
if they function efficiently under alternative physiological conditions. 

 

INNOVATIONS AND FUTURE TRENDS IN BEAD FORMULATION 

1. Nanotechnology in Bead Formulation: Nanotechnology is revolutionizing bead preparations by 
enabling nanometer-scale beads that enhance drug solubility, targeted delivery, and absorption. 

Nanobeads improve drug precision, reducing side effects and boosting efficacy, especially in 
cancer therapies and gene delivery. Additionally, they facilitate theranostic applications by 
carrying both therapeutic and diagnostic agents [131]. 

2. 3D Printing of Pharmaceutical Beads: 3D printing enables precise control over bead size, shape, 
and drug release profiles, allowing for complex release mechanisms and multilayered beads with 
multiple drugs. Its adaptability supports personalized therapies and accelerates drug development 
cycles [132]. 

3. Biodegradable Beads: Biodegradable beads dissolve naturally in the body, eliminating the need 
for surgical removal. They enable long-term drug release, making them ideal for chronic 
conditions, post-surgical care, orthopedics, cancer treatment, and tissue engineering, where 
sustained local therapy is essential [133]. 

4. Personalized Medicine Using Beads: Personalized medicine is embracing bead formulations 
tailored to an individual’s genetics, lifestyle, or disease markers. These beads enable precise 
dosages and drug combinations for optimized treatment, especially in oncology and chronic 
diseases. Advanced diagnostics ensure targeted delivery at the right dose and time [134].  

 

CONCLUSIONS 

In conclusion, pharmaceutical beads are a very flexible and highly efficient drug delivery system, 

carrying many advantages over other traditional dosage forms. Their therapeutic control on the release 
of drugs, enhancement of stability of drugs, and augmentation of bioavailability, along with 
minimizing side effects, establishes the necessity of pharmaceutical beads in the world of modern 
pharmaceuticals. And as more technologies arise, especially nanotechnology and 3D printing, these 

beads will eventually take an even more significant role. They are waiting in the wings to contribute 
towards personalized medicine and targeted drug delivery to ensure that their treatment approaches 
meet individual needs for optimized efficacy and patient compliance. While some difficulties have 
been encountered in production and formulation, many advantages abound over pharmaceutical beads 
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in being able to be made to improve therapeutic outcomes and accommodate patient adherence, 
thereby, locking their continued significance in the pharmaceutical world. 
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