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Abstract—Pulsatile Drug Delivery Systems represent a 

significant advancement in drug delivery technology, 

designed to synchronize drug release with the body’s 

natural rhythms or specific therapeutic needs. This 

comprehensive review explores the various approaches 

to PDDS. Time-controlled systems, such as single-unit 

capsules and multiarticulate systems, utilize mechanisms 

like diffusion, erosion, and osmosis to achieve 

controlled drug release. Stimuli-induced systems 

respond to environmental changes such as temperature 

or pH, triggering drug release through mechanisms like 

gel swelling or dissolution. Externally regulated systems, 

including electro-responsive, ultrasonically stimulated, 

and magnetically induced systems, offer precise control 

over drug delivery through external stimuli. The review 

delves into the mechanisms underlying each type of 

PDDS, highlights recent advancements and applications, 

and discusses the challenges and future directions for 

development. By aligning drug release with circadian 

rhythms or specific physiological conditions, PDDS hold 

the potential to enhance therapeutic efficacy and patient 

compliance across a range of medical conditions. 
 

Index Terms—Pulsatile Drug Delivery Systems (PDDS), 

Time-Controlled Drug Delivery, Chronotherapy, 

Circadian Rhythms, Therapeutic Efficacy. 

 

I. INTRODUCTION 

 

Oral drug delivery is the most widely used method for 

administering medication and represents the largest 

segment of the overall drug delivery market. This 

route is favored due to its convenience and 

effectiveness. Controlled-release systems designed for 

oral use typically maintain drug concentrations within 

the therapeutic range for extended periods, ensuring 

prolonged therapeutic effects. However, certain 

medical conditions require drug delivery after a 

specific delay, rendering conventional controlled-

release systems unsuitable. In these cases, PDDS are 

crucial, as they are designed to align with the body's 

biological rhythms.1-8 

In modern pharmaceutical research and development, 

modified release dosage forms have become 

increasingly important. These systems allow for 

precise control over drug release patterns, improving 

the management of medication regimens. Unlike 

traditional drug release methods, pulsatile drug 

delivery is characterized by the rapid release of a drug 

following a predetermined lag time, making it 

advantageous for certain drugs and therapies. PDDS is 

designed to release drug molecules rapidly and briefly 

after a specific delay.9-14 

Pulsatile drug delivery systems hold significant 

potential for patients with chronic conditions like 

arthritis, asthma, ulcers, and hypertension, as they 

ensure medication is delivered at the optimal time, 

place, and dosage. These systems provide a unique 

mechanism for delivering drugs rapidly and 

completely after a delay, known as pulsatile release.15-

21 

 
Fig. 1: Drug release profiles Concept and Mechanisms 

of Pulsatile Drug Delivery 
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Pulsatile drug delivery refers to a system where the 

drug is released in a time-dependent, intermittent 

manner, mimicking the body's natural rhythms or 

responding to specific triggers. This contrasts with 

traditional drug delivery methods, which often involve 

either immediate release or extended-release profiles 

that do not account for temporal variations in disease 

conditions or physiological states.22-39 

 

Time-Controlled Pulsatile Drug Delivery40-52 

Time-controlled pulsatile drug delivery systems are 

designed to release drugs at predetermined intervals. 

These systems rely on precise timing mechanisms to 

achieve the desired release pattern. Key approaches 

include: 

Single Unit Pulsatile Systems: These systems typically 

involve capsules or tablets that are designed to release 

the drug after a specific delay. Examples include the 

Pulsincap system, which features a plug that either 

swells or erodes to control drug release. Other variants 

use osmotic mechanisms, where water permeates 

through a semi-permeable membrane to create internal 

pressure that expels the drug. 

Multiparticulate Systems: These systems consist of 

multiple small units, such as beads or granules, that 

are formulated to release their contents in a pulsatile 

manner. Mechanisms for these systems include 

rupturable coatings that dissolve or break apart after a 

lag time, and osmotic-based systems where the release 

is controlled by the permeability of the coating. 

 

Stimuli-Induced Pulsatile Drug Delivery52-63 

Stimuli-induced PDDS respond to specific biological 

or environmental triggers to release the drug. These 

systems are designed to release medication in response 

to changes in the surrounding environment, such as 

temperature, pH, or specific chemical stimuli. Key 

examples include: 

Thermoresponsive Systems: These systems release 

drugs in response to temperature changes. Hydrogels 

or micelles that swell or shrink with temperature 

fluctuations can control the release of the drug. 

Chemical Stimuli-Responsive Systems: These 

systems are sensitive to specific chemical 

environments. For example, a drug might be released 

in response to changes in pH or the presence of certain 

enzymes or molecules. 

 

Externally Regulated Pulsatile Drug Delivery64-72 

Externally regulated systems use external stimuli to 

control drug release. These systems offer high 

precision and flexibility, as they can be adjusted in 

real-time. Key methods include: 

Electro-Responsive Systems: These systems use an 

electric field to control drug release. Polyelectrolytes 

or hydrogels in these systems respond to electrical 

stimuli by swelling, deswelling, or dissolving, thereby 

controlling drug release. 

Ultrasonically Stimulated Systems: These systems use 

ultrasonic waves to trigger drug release. The acoustic 

energy can cause changes in the drug delivery 

system’s structure, leading to drug expulsion. 

Magnetically Induced Systems: These systems use 

magnetic fields to control drug release. Magnetic 

particles within the system respond to magnetic fields 

by moving or altering their structure, which can trigger 

drug release. 

 

Advantages of Pulsatile Drug Delivery Systems 

(PDDS)73-78 Alignment with Biological Rhythms: 

Circadian Synchronization: PDDS can be designed to 

release medication in accordance with the body’s 

circadian rhythms or the specific timing of disease 

symptoms. For example, medications for asthma or 

hypertension can be released during times when 

symptoms are typically worse, improving therapeutic 

outcomes. 

Optimal Drug Action: By matching drug release with 

biological processes, PDDS can enhance the efficacy 

of treatments and reduce the likelihood of adverse 

effects. 

 

Improved Patient Compliance: 

Reduced Dosing Frequency: PDDS often require 

fewer doses compared to conventional systems, 

making it easier for patients to adhere to their 

medication regimen. This can be particularly 

beneficial for chronic conditions where adherence is a 

major issue. 

Convenience: With fewer doses needed, patients 

experience greater convenience, which can lead to 

better overall treatment adherence. 

 

Enhanced Therapeutic Outcomes: 

Targeted Release: PDDS allow for targeted drug 

release, which can be crucial for conditions that exhibit 

time-dependent variations. For instance, PDDS can 

provide a burst of medication during periods of high 
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symptom severity, leading to improved management 

of diseases like chronic pain or asthma. 

Reduced Side Effects: By delivering drugs precisely 

when needed, PDDS can help minimize side effects 

associated with over or under-medication. 

 

Customization and Precision: 

Adjustable Release Profiles: The design of PDDS can 

be tailored to achieve specific release profiles, 

including delay times and the amount of drug released, 

enhancing the personalization of treatment. 

 

Potential for Novel Therapeutic Applications: 

Advanced Disease Management: PDDS can be 

particularly effective in managing diseases with 

variable symptoms or those requiring precise timing of 

drug delivery, such as cancer treatments or hormonal 

therapies. 

Research and Development: The ongoing 

development of PDDS technologies fosters innovation 

and can lead to new therapeutic approaches and 

improved drug formulations. 

Disadvantages of Pulsatile Drug Delivery Systems 

(PDDS)78-86 Complexity in Formulation and 

Manufacturing: 

Technical Challenges: Designing and manufacturing 

PDDS involves complex technologies and materials. 

Ensuring precise control over release mechanisms can 

be technically demanding, requiring sophisticated 

equipment and expertise. 

Higher Costs: The complexity of PDDS can lead to 

higher production costs, which may be reflected in the 

price of the final product, potentially limiting 

accessibility. 

 

Regulatory and Safety Issues: 

Stringent Testing Requirements: PDDS must undergo 

rigorous testing to ensure their safety and efficacy. The 

regulatory approval process can be lengthy and costly, 

which may delay the availability of these systems. 

Potential for Variability: Ensuring consistent 

performance of PDDS across different batches can be 

challenging, and any variability in drug release could 

affect treatment outcomes. 

 

Customization Challenges: 

Patient-Specific Needs: While PDDS offer the 

advantage of tailored drug delivery, customizing 

these systems to meet individual patient needs can be 

difficult. Factors such as varying physiological 

responses or disease states may impact the 

effectiveness of the PDDS. Individual Variability: 

Differences in patient physiology, such as 

gastrointestinal transit times or metabolic rates, can 

influence the performance of PDDS, potentially 

requiring individualized adjustments. 

 

Potential for Complications: 

Device-Related Issues: In systems where physical 

devices or implants are used, there is a risk of device-

related complications, such as blockage, leakage, or 

device failure. 

Unpredictable Responses: Some patients may 

experience unpredictable responses to PDDS, such as 

adverse reactions to the delivery system itself or 

variations in drug release. 

 

Limited Applicability: 

Not Suitable for All Drugs: PDDS may not be suitable 

for all types of drugs or conditions. Drugs that require 

rapid, immediate release or those with short half-lives 

may not benefit from a pulsatile delivery approach. 

Specific Conditions: 

Certain diseases or therapeutic areas may not yet be 

well-suited for PDDS, and more research is needed to 

explore their potential applications and benefits. 

 

II. BENEFIT OF PDDS87-94 

 

1. Reduced dosage: Pulsatile systems allow for 

lower drug doses while maintaining 

therapeutic efficacy. 

2. Decreased adverse effects: They help 

minimize adverse effects associated with 

medication. 

3. Reduced drug interactions: Pulsatile systems 

can decrease drug interactions due to lower 

cytochrome P450 isoenzyme activity. 

4. Less affected by food: They minimize the impact 

of food on drug bioavailability. 

5. Improved patient compliance: Pulsatile systems 

enhance patient adherence to treatment regimens. 

6. Chronotherapy: Modified delayed release can 

optimize disease treatment based on circadian 

rhythms. 

7. Multiple dosing: Pulsatile release allows for 

multiple doses within a single dosage form. 

8. Cost-effective: Fewer dosage units are 
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required, leading to lower daily expenses for 

patients. 

9. Alignment with circadian rhythms: Medication 

delivery can be synchronized with the body's 

natural rhythms. 

10. Mucosal protection: Pulsatile systems shield 

mucosa from irritating drugs. 

11. Prevents first-pass metabolism: They minimize 

drug loss due to first-pass metabolism. 

12. Avoids dose dumping: Pulsatile systems 

eliminate the risk of dose dumping associated 

with immediate release formulations. 

13. Avoids biological tolerance: Burst release 

patterns prevent the development of biological 

tolerance. 

14. Predictable and reproducible: Pulsatile systems 

offer predictable and reproducible drug release 

kinetics with minimal gastric residence time. 

 

Classification of Pulsatile Drug Delivery 

Technologies Based on the Route of 

Administration:95-97 

1. Transdermal Route 

Transdermal PDDS involves delivering drugs through 

the skin into the systemic circulation. Crystal 

Reservoir Technology: This technology utilizes a 

reservoir containing the drug, which is released 

through a crystalline structure. The drug is released in 

a pulsatile manner by dissolving or disrupting the 

crystal structure at predetermined intervals. 

 

2. Oral Route 

Oral PDDSs are designed to release medication in a 

pulsatile manner when taken by mouth. This route is 

popular due to its convenience and patient compliance. 

Pulsincap®: A system where the drug is 

encapsulated within a capsule with a rupturable plug. 

The plug is designed to dissolve or erode after a lag 

time, releasing the drug in a pulse.  
 

Diffucaps®: A multiparticulate system where drug 

particles are enclosed in a capsule that allows for a 

controlled release. These particles can be designed to 

release the drug at specific times. 
 

Egalet®: Utilizes a matrix system where the drug 

is embedded in a matrix that controls release based 

on a pre-set schedule. 
 

Orbexa®: An oral delivery system that allows for 

timed release of the drug using a specific combination 

of materials to achieve pulsatile release. 
 

Minitabs®: These are small, tablet-based systems that 

use a specific formulation to achieve controlled and 

pulsatile release. 
 

Contin®: A system that ensures continuous drug 

release with a pulsatile component, allowing for 

both immediate and delayed release profiles. 
 

SODAS® (Spheroidal Oral Drug Absorption System): 

Uses spheroidal beads that release the drug at different 

times, creating a pulsatile effect. 
 

IODAS® (Immediate and Ongoing Drug Absorption 

System): A combination of immediate release and 

controlled release components to achieve a pulsatile 

effect. 
 

IPDAS® (Intelligent Pulsatile Drug Absorption 

System): Designed with a smart release mechanism 

that adapts to the body’s needs, providing pulsatile 

delivery based on specific conditions. 
 

Geomatrix®: Uses a matrix structure to control the 

release of the drug over time, allowing for a pulsatile 

delivery pattern. 
 

Pulsys®: Incorporates a system that releases the drug 

in a controlled manner with specific pulsatile intervals. 

 

3. Externally Regulated Pulsatile Drug Delivery 

Externally regulated PDDSs are influenced by 

external factors such as electric fields, ultrasonic 

waves, or magnetic fields. These systems offer precise 

control over the timing and amount of drug release. 

Electro-responsive Pulsatile Release: Utilizes an 

electric field to trigger drug release. The system 

typically includes electro-responsive materials that 

change their properties in response to electrical 

stimuli, leading to drug release. For example, 

hydrogels that swell or deswell in response to an 

electric field can control drug release. 

Ultrasonically Stimulated: Employs ultrasonic waves 

to trigger drug release. The ultrasonic waves can 

induce mechanical changes in the delivery system, 

such as the disruption of barriers or the release of 

encapsulated drugs. 

Magnetically Induced Pulsatile Release: Uses 

magnetic fields to control drug release. Magnetic 

nanoparticles or materials in the delivery system 

respond to magnetic fields, enabling the precise 

control of drug release timing and amount. 
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III. MECHANISM OF DRUG RELEASE FROM 

PDDS:98-101 

 

The release of medication from Pulsatile Drug 

Delivery Systems (PDDS) involves several 

sophisticated mechanisms to ensure controlled, 

interval-based release. 

Diffusion is a fundamental process where the drug 

moves from an area of higher to lower concentration 

through the delivery system's coat or matrix upon 

interaction with bodily fluids. Factors such as the 

system's composition and drug properties influence 

the diffusion rate. 

Erosion involves the gradual breakdown of the 

delivery system's coating or matrix, often using 

erodible polymers that dissolve over time in bodily 

fluids, releasing the drug in a controlled manner. 

The erosion rate depends on the polymer's nature and 

environmental conditions. 

Osmosis involves creating osmotic pressure within the 

system as water permeates through a semi-permeable 

membrane, forcing the drug out through an orifice. 

The rate of drug release in osmotic systems is 

controlled by the osmotic properties and orifice 

design. 

By tailoring these mechanisms, PDDS can provide 

precise release profiles, such as delayed release 

followed by a burst, aligning drug delivery with the 

body's natural rhythms and therapeutic needs. 

 

IV. NEED OF PULSATILE DRUG DELIVERY 

 

PDDS are crucial for optimizing medication timing to 

align with the body's natural circadian rhythms, 

making them particularly effective for conditions with 

time-dependent symptoms such as asthma, 

cardiovascular diseases, diabetes, and arthritis. These 

systems are designed to release drugs at specific times, 

considering the body's biological rhythms and 

physiological processes like gastric acid secretion and 

GI motility. This approach is beneficial in managing 

diseases that worsen at certain times of the day, such 

as nighttime acid secretion in ulcers or early morning 

asthma attacks. PDDS also enhances drug efficacy by 

ensuring that medications are released when they are 

most needed, such as delivering antihypertensives in 

the morning when blood pressure typically peaks, or 

administering statins at night when cholesterol 

synthesis is highest. Additionally, for drugs that 

degrade in the stomach's acidic environment or 

require targeted delivery to the colon, PDDS provides 

a controlled release that ensures the medication 

reaches the appropriate site intact. By aligning drug 

release with the body's rhythms, PDDS offers a 

tailored approach to improve therapeutic outcomes for 

patients with chronic conditions. 102-105 

 

V. APPROACHES FOR PULSATILE DRUG 

DELIVERY SYSTEMS106-117 

 

PDDS are designed to release medication in a 

controlled, time-dependent manner, mimicking the 

body's natural rhythms or specific therapeutic needs. 

These systems offer several approaches to achieve 

pulsatile release, each tailored to different delivery 

requirements and conditions. 

1. Time-Controlled Pulsatile Drug Delivery Single-

Unit Pulsatile Systems 

Capsule-Based Systems: These systems usually 

consist of a capsule with a drug formulation and a plug 

that regulates the release time. The plug, made from 

materials that either swell or erode, controls drug 

release. In the Pulsincap system, for example, the plug 

dissolves or swells gradually, releasing the drug after 

a set lag time, which can be adjusted by modifying 

the plug’s size and position. 

Osmotic Systems: These systems use osmotic pressure 

to regulate drug release. They often involve a capsule 

with a semi-permeable membrane and an osmotically 

active agent. When water permeates the capsule, it 

creates internal pressure that eventually expels the 

drug. Examples include the “PORT” system, 

which employs a gelatin capsule with a semi-

permeable membrane and an insoluble plug to achieve 

delayed drug release. 

Erodible or Soluble Barrier Coatings: These systems 

use coatings that dissolve or erode at a specific rate to 

release the drug. Coatings can include materials like 

hydroxypropyl methylcellulose (HPMC) or other 

polymers that degrade over time, allowing the drug to 

be released in a pulsatile manner. Examples include 

chronotropic systems and time clock systems. 

Rupturable Coating Systems: These systems feature a 

coating that ruptures or breaks down after a certain 

period, allowing the drug to be released suddenly. The 

timing of the rupture is controlled by the properties of 

the coating material. 
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Multiarticulate/Multiple-Unit Systems 

Osmotic-Based Rupturable Coating Systems: These 

systems combine osmotic pressure with rupturable 

coatings. An osmotic agent within the system creates 

pressure that eventually leads to the rupture of the 

coating, releasing the drug. 

Pulsatile Delivery by Change in Membrane 

Permeability: This approach involves altering the 

permeability of a membrane to control drug release. 

Systems like the Sigmoidal Release System use 

changes in membrane permeability to achieve a 

controlled release profile. 

 

2. Stimuli-Induced Pulsatile Drug Delivery 

Thermoresponsive Systems: These systems respond to 

changes in temperature. Thermoresponsive hydrogels 

or polymers swell or contract in response to 

temperature variations, triggering drug release. These 

systems can be designed to release medication in 

response to body temperature changes or external 

heating. 

Chemical Stimuli-Induced Systems: These systems 

release drugs in response to specific chemical stimuli. 

For example, hydrogels can be engineered to swell or 

degrade in the presence of certain chemicals or pH 

changes, resulting in drug release. 

 

3. Externally Regulated Pulsatile Drug Delivery 

Ultrasonically Stimulated Systems: These systems use 

ultrasound waves to trigger drug release. Ultrasonic 

stimulation causes mechanical changes in the delivery 

system, such as swelling or disruption, leading to the 

release of the drug. 

Magnetically Induced Systems: Magnetically 

responsive materials are used in these systems. 

An external magnetic field induces changes in the 

material's properties, such as swelling or dissolution, 

to control drug release. 

 

VI. FUTURE PROSPECTS OF PULSATILE DRUG 

DELIVERY SYSTEMS (PDDS) 

 

Personalized Medicine: The advancement of PDDS is 

expected to increasingly align with personalized 

medicine. Customizing drug release profiles to fit 

individual patients' biological rhythms and specific 

therapeutic needs will enhance treatment efficacy and 

minimize side effects. 

Integration with Smart Technologies: The integration 

of PDDS with smart technologies, such as wearable 

sensors and digital health monitoring systems, 

promises to revolutionize drug delivery. These 

technologies can provide real-time feedback and 

adjustments, optimizing drug release schedules based 

on dynamic physiological data. 

Advanced Materials and Nanotechnology: Future 

PDDS developments may leverage advanced materials 

and nanotechnology to create more precise and 

efficient delivery systems. Innovations such as 

nanocarriers and smart polymers could offer enhanced 

control over drug release kinetics and improve 

therapeutic outcomes. 

Extended Applications: The scope of PDDS is likely 

to expand into new therapeutic areas, including 

oncology, chronic disease management, and rare 

conditions. Tailoring pulsatile release systems for 

complex disease profiles could provide targeted and 

effective treatments for a broader range of conditions. 

Regulatory and Clinical Advancements: As the 

understanding of PDDS evolves, regulatory 

frameworks and clinical practices will also advance. 

This could lead to more streamlined approval 

processes for new pulsatile delivery technologies and 

broader adoption in clinical settings. 

 

VII. CHALLENGES OF PULSATILE DRUG 

DELIVERY SYSTEMS (PDDS) 

 

Complexity in Design and Manufacturing: 

Developing and manufacturing PDDS with precise 

release profiles can be complex and resource-

intensive. Ensuring consistency and reliability in drug 

release while maintaining quality control remains a 

significant challenge. 

Biological Variability: Individual variability in 

biological rhythms and responses to drug release can 

complicate the efficacy of PDDS. Adapting systems to 

account for diverse patient needs and physiological 

variations requires ongoing research and innovation. 

Cost and Accessibility: The advanced technologies 

and materials used in PDDS can be expensive, 

potentially limiting accessibility. Addressing cost 

challenges while ensuring that these systems are 

affordable and available to a broad patient population 

is crucial. 

Regulatory Hurdles: The regulatory landscape for 

PDDS is complex and evolving. 

Navigating regulatory requirements for approval and 
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ensuring compliance with safety standards can be 

challenging, particularly for novel or unconventional 

delivery systems. 

Patient Compliance and Education: Educating patients 

about the use and benefits of PDDS is essential for 

ensuring compliance. Effective communication 

strategies and support systems are needed to help 

patients understand and adhere to their treatment 

regimens. 

VIII. CONCLUSION 

 

PDDS represent shows advancement in the field of 

drug delivery, offering tailored therapeutic solutions 

that align with the body's natural rhythms and specific 

treatment needs. By providing controlled release 

profiles, PDDS can enhance the efficacy of treatments, 

improve patient adherence, and minimize side effects. 

The potential benefits of PDDS are substantial, 

ranging from personalized medicine and integration 

with smart technologies to the use of advanced 

materials and expanded therapeutic applications. 

However, the development and implementation of 

PDDS come with challenges that must be addressed. 

The complexity of design and manufacturing, 

biological variability among patients, cost 

considerations, regulatory hurdles, and the need for 

patient education are critical factors that impact the 

success and widespread adoption of these systems. 

Future advancements in PDDS are likely to focus on 

overcoming these challenges, with efforts directed 

towards optimizing system design, reducing costs, and 

improving patient outcomes. Integrating emerging 

technologies and materials, and enhancing regulatory 

and clinical practices, will play a crucial role in 

shaping the future of pulsatile drug delivery. 
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