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Abstract:  
The therapeutic effect is brought about by the drug delivery system dispensing the active medicinal ingredient. Due to fluctuations 

in plasma drug levels, traditional drug delivery devices have poor bioavailability and cannot generate a continuous release. The 

drug must also be supplied at a tightly regulated rate and to the correct location for it to be most effective and safe. To solve the 

problems inherent in the current methods of administering medication, scientists are working on perfecting controlled drug 

delivery systems. Controlled pharmaceutical delivery systems have come a long way in the last twenty years, from bulk 

distribution to nanoscale precision to smart, patient-specific dosing. The paper's initial portion provides background knowledge on 

drug delivery methods, emphasizing pharmacokinetics. The article also discusses the pros and cons of more conventional drug 

delivery methods. Controlled drug delivery systems' design factors, categorizations, and schematics are also discussed in length. 

In addition, recent advances in nano-drug delivery, targeted, and innovative drug delivery utilizing stimuli-responsive, intelligent 

biomaterials are discussed. The limitations of regulated medicine distribution and some possible solutions are discussed at the end 

of the study. 
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1. Introduction 

It takes a lot of time and money to develop a new medication 

compound. Individualizing medication therapy, dose titration, 

and therapeutic drug monitoring are only a few of the ways 

that have been tried to increase the safety efficacy ratio of 

"old" pharmaceuticals. Other extremely appealing strategies 

have been extensively researched, such as controlled drug 

delivery [1, 2], delayed drug delivery, and targeted medication 

delivery. It is fascinating to see the large amount of effort and 

the large number of papers from the United States and Europe 

that are produced by Indian researchers [3]. Numerous studies 

in both animals and humans have bolstered our knowledge of 

the pharmacokinetic and pharmacodynamic principles that 

regulate the action and disposition of powerful opioid 

analgesics, inhalation anesthetic drugs, sedative/hypnotics, 

and muscle relaxants [4]. Evidence from these investigations 

points to the possibility that the skin and buccal and nasal 

mucosa can be used as additional entry points for analgesics 

and anesthetics. Similar progress with other chemicals has 

resulted in a multitude of new tools, ideas, and methods that 

make up what is collectively known as controlled-release 

technology (CRT). Controlled-release technologies (CRTs) 

include, but are not limited to, programmable implanted drug- 

 

 

delivery systems, transdermal and transmucosal controlled-

release delivery systems, ml6 nasal and buccal aerosol sprays, 

drug-impregnated lozenges, encapsulated cells, oral soft gels, 

and iontophoretic devices to administer drugs through skin. 

Numerous motivating forces are pushing researchers to create 

innovative tools, strategies, and methods [5]. Although 

conventional drug delivery methods are used frequently, there 

are various drawbacks to them that these alternatives may 

address. When compared to the price tag on creating a brand 

new medicine, these developments may look appealing. Since 

the late 1950s, the number of new chemical entities introduced 

into the market has decreased. This is due to several factors, 

including rising R&D costs, alternative investment 

opportunities for drug firms, a decline in the number of firms 

conducting pharmaceutical research, and the erosion of 

effective patent life. It is now predicted that it will take over a 

decade and well over $ 120 million to bring a new medicine 

through discovery, clinical testing, development, and 

regulatory approval. It is estimated that by the year 2000, up to 

forty percent of all drugs sold in the United States will utilize 

some sort of novel drug delivery mechanism [6]. 

The purpose of any drug delivery system is to transport the 

therapeutic dose to the site of action, to rapidly establish and 

then maintain the therapeutic drug concentration that elicits 
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the desired pharmacological activity, and to reduce the 

occurrence and severity of side effects. In order to accomplish 

this, it would be beneficial and more convenient to stick to a 

once- or twice-daily dosing schedule [7]. When compared 

with the standard instant release dosage form, a prolonged 

release dosage form that is carefully crafted can be a 

significant improvement in this regard. Over the past two 

decades, researchers have paid considerable time and energy 

to perfecting new approaches to medication delivery. 

Monolithic matricesmatrix tablets continue to be popular 

despite the availability of other technologies due of their 

simple processing technologies, repeatability, stability of 

materials and dosage form, and easy scaleup operation [7].  

Due to the rising costs and complexities of bringing new 

pharmacological entities to market and the acknowledged 

therapeutic benefits of controlled drug delivery, researchers 

have been focusing more on developing sustained or 

controlled release drug delivery systems in recent decades. 

Numerous benefits make these dosages appealing. It is widely 

accepted that there already exists a large number of 

therapeutically useful chemicals for numerous disease states1. 

However, these medications' efficacy is sometimes capped by 

their side effects or the requirement that they be administered 

in a therapeutic setting. The purpose of developing continuous 

or controlled delivery systems is to lessen the number of times 

a medicine needs to be administered, boost its efficacy by 

delivering it directly to the site of action, lower the drug's 

toxicity, or ensure that all patients receive the same dose [9].  

2. Controlled Drug Delivery Systems (CDDS) 

According to FDA guidelines, an active pharmaceutical 

ingredient (API) is any substance with the intent to diagnose, 

cure, mitigate, treat, or prevent disease. The term "drug 

delivery" refers to a method of administering medication that 

optimizes localized drug concentration. Any drug delivery 

system worth its salt will seek to maximize drug exposure 

while keeping it safe within the sick tissue. Active 

pharmaceutical ingredients (APIs) and excipients/additives, 

which are not APIs, are both parts of every dosage form 

(Figure 1). Active pharmaceutical ingredients are what doctors 

utilize to treat patients. The goal of any controlled-release 

medication delivery system is to minimize unwanted side 

effects while effectively treating or preventing disease in the 

shortest amount of time possible by the use of the least amount 

of medicine possible given via the most appropriate 

administration route. A number of advantages, including as 

steady dosing, rate control, and precise targeting, are missing 

from immediate-release drug delivery systems. The ideal 

method of administering medication would gradually release 

the substance over the course of the treatment, as determined 

by the body's requirements. 

 

 

Figure 1: Conventional Vs Controlled Drug Delivery 

System 

3. Oral Controlled-Release Drug Delivery: 

Factors in Their Design 

3.1 Solubility 

Medications with a limited solubility in water aren't very 

effective when taken orally. Poor choices for 

controlled/sustained oral dosage forms include drugs that are 

well soluble in stomach acid. Highly water-soluble drugs tend 

to leach quickly from the carrier, reducing the loading 

efficiency of various carrier systems such liposomes and 

micro particles. Because of shifts in pH throughout the 

digestive system and dissolving rate, pH-dependent solubility, 

especially in the physiological pH range, would be another 

challenge for controlled release formulation. Oral absorption 

is influenced by three main parameters: solubility, dissolution, 

and intestinal permeability. The biopharmaceutical 

classification system makes it possible to assess the impact of 

each of these characteristics [10]. 

3.2 Drug Stability 

Degradation of a medicine in a solid form is significantly 

more gradual than that of a drug in suspension or solution 

[11]. To prevent their breakdown in the stomach, medications 

that are unstable at this pH level may be given in a slow-

release dose form that doesn't release the drug until it reaches 

the intestine. Oral controlled drug delivery systems are not 

appropriate for drugs that undergo gut-wall metabolism or 

exhibit small intestine instability [12]. 

3.3 Molecular Size and Diffusivity 

The molecular size of a medicine has a negative correlation 

with its diffusivity, or its capacity to pass across a membrane 

[13]. The membrane's diffusivity is proportional to the cavity 

size and shape. Passive diffusion accounts for the absorption 

of more than 95% of all medicines [14]. A drug's molecular 

size must exceed 600 Dalton if it is to be effectively diffused 

passively. Proteins and peptides are two types of medications 

for which it is challenging to regulate the rate of medication 

release from the dose form [15]. 

3.4 Partition coefficients 

The drug's proportion in the oil phase relative to the aqueous 

phase is the partition coefficient. It controls the movement of 

drugs through biological membranes. When a drug's partition 

coefficient is high, it may readily cross a biological membrane 

[14]. A drug's ability to diffuse through a rate-limiting 

membrane or into a matrix system is dependent on a property 

known as the partition coefficient. For the same reason that 

medications with a low partition coefficient cannot partition 

out of the lipid membrane, those with a high partition 

coefficient cannot be used in an orally controlled drug delivery 

system [15]. 

3.5 Drug pKa and ionization at physiological pH 

Drugs residing predominantly in ionized form are poor choice 
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for oral controlled release drug delivery system because 

absorption rate of ionized drug is 3-4 times less than that of 

unionized form [17]. The pKa range for acidic medicine 

whose ionization is pH sensitive is about 3.0-7.5 and for basic 

drug whose ionization is pH sensitive is around 7.0-11.0 are 

appropriate for optimum positive absorption [16]. 

3.6 Absorption 

The point of developing a controlled-release product is to 

exert some kind of command over the delivery mechanism 

[19]. In an ideal controlled oral delivery system, all of the 

medicine would be released at once, and the body would be 

able to absorb it all. Because of drug breakdown, protein 

binding, site-specific, dose-dependent absorption, poor water 

solubility, and a tiny partition coefficient, the proportion of 

drug absorbed from the system may be lower than anticipated 

[18]. 

3.7 Distribution 

When it comes to drug elimination, drugs having a large 

apparent volume of distribution are not ideal candidates for 

oral drug delivery systems [18]. One key metric of 

medications is their apparent volume of distribution, which 

characterizes the extent of dispersion and protein binding in 

the body. Both the steady-state distribution volume and the 

T/P ratio may be used to analyze the drug's movement through 

the body [19]. 

 

 
Figure 2: Equation of apparent volume of distribution 

[18]. 

Figure 2: Equation of distribution of drug. 

3.8 Metabolism  

An active drug may undergo metabolism to render it inactive, 

or an inactive drug may undergo metabolism to render it 

active. There are two limitations on the design of 

sustained/controlled medication delivery that stem from the 

drug's metabolism [17]. Drugs that can induce or inhibit 

enzyme synthesis are not good choices for controlled delivery 

systems because of the challenges they present in maintaining 

constant blood levels during long-term treatment. 

Sustained/controlled medication administration is not 

appropriate for drugs with variable bioavailability due to the 

first-pass impact or intestinal metabolism [18]. 

3.9 Therapeutic index 

Therapeutics index, the ratio of the median toxic dose to the 

median effective dose, can be used to characterize the margin 

of safety. Controlled-release medication formulation is not 

appropriate for drugs with a low therapeutic index. By keeping 

the dosage within the safe therapeutic range, unwanted effects 

can be kept to a minimum [18]. 

 
Figure 3: Ratio of therapeutic index [10]. 

3.10 Half- life 

The half-life in biology is the determining factor in how long 

an effect will last. Controlled drug delivery systems work best 

with drugs that have a relatively long half-life (more than 2 

hours). A drug's half-life is affected by its elimination, 

metabolism, and distribution [10, 18]. 

4. Controlled-release drug delivery system design 

considerations 

Figure 4 is a simplified illustration of the many variables that 

must be taken into account while constructing a controlled-

release drug delivery system. One can categorize the 

parameters as either formulation-related or drug-related. The 

biomaterial characteristics, mode of administration, 

pharmacokinetics, and stability enhancement are the primary 

considerations under formulation-related parameters. 

Moreover, the drug's binding effectiveness with plasma 

proteins, its capacity to overcome biological barriers, and 

regulatory considerations are the most important factors in 

developing the dosage form [20]. 

 
Figure 4: Guidelines for CDDS Layout [43]. 

Biocompatibility, surface chemistry, hydrophilicity, 

degradation, mechanical, and rheological qualities are just few 

of the biomaterial characteristics that need investigation. 

Additionally, the biomaterials' behavior at varying pH and 

temperatures must be evaluated. When deciding on a 

biomaterial and formulating a dosage form for a medicine, the 

routes of administration are paramount. To facilitate drug 

release following rectal delivery, for instance, the biomaterial 
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in question must either have a melting point over 37 °C or be 

soluble at that pH. Stability improvement should be performed 

during the design of the controlled release carrier for 

medications that are not stable under extreme conditions. This 

includes peptides, proteins, genes (DNA), growth factors, and 

colloidal/non-colloidal particles. To do this, the relevant 

medications can be integrated into targeted carrier systems 

[21]. 

It is crucial to limit the drug's effects to the organ in need of 

the pharmacological activity for which it was designed. 

Antibody tagging, ligand attachment, and targeted delivery are 

all viable options for achieving this goal. Biological barriers 

prevent precise medicine delivery to organs like the brain, 

bone, and testicles. Alternatives that can get drugs through 

barriers and to their intended targets include those that are 

designed with permeation enhancers and nanocarriers [22]. An 

optimal in vitro in vivo correlation requires the development 

of animal models appropriate for each type of delivery 

mechanism (IVIVC). This helps connect the dots between the 

findings of in vivo animal studies and those of human clinical 

trials [23]. 

Table 1: Merits & demerits of CDDS [43] 

 

5. Nanocarriers in CDDS and TDDS  

Sub-micron particles, known as nanocarriers, have a high 

specific surface area, allowing for greater loading or dosing in 

a given volume. They circulate for considerably longer than 

the medicine alone, increasing the drug's bioavailability and 

making it more readily available at the site of disease [33]. 

They provide effective wayfinding in the chaotic in vivo 

setting (protects the drug from undue degradation). They are 

able to establish therapeutic responsiveness at a far lower 

dose, minimizing drug-related side effects. Nanocarriers' 

surface chemistry can be easily adjusted to accommodate a 

wide variety of medicines and targeting compounds. Targeted 

drug delivery that provides a sustained release of the 

therapeutic payload is feasible. Nanocarriers allow for a wide 

range of formulation and delivery options for drugs [35]. In 

addition to targeting particular cell types, they are also capable 

of localizing their effects inside defined sub-cellular areas 

(i.e., the nucleus for gene delivery). In this way, nanocarriers 

can improve medication intracellular trafficking [38]. 

If a medicine is to be successful against diseased cells in a 

certain tissue, it must do so without harming the healthy cells 

present there. Nanocarriers can safely boost medication 

concentrations without increasing drug toxicity. Cellular and 

intracellular targets [39] refer to the specific tissue 

compartments within cells that receive the medication. 

Nanocarriers are utilized to transport drugs to areas that they 

would otherwise have a hard time penetrating, such as those 

with strong anatomical barriers. Because it operates as a 

selective barrier to the brain, the blood-brain barrier prevents 

most drugs from crossing into the brain. Drugs in nanocarriers 

can be administered to the brain without being broken down 

by the body's natural defenses, making them effective against 

a wide range of central nervous system illnesses. There are 

two ways the nanoparticle can go into the brain: transcellular 

and paracellular [40]. Drug delivery systems that employ 

nanocarriers have gained popularity due to their ability to 

transport drugs to specific tissues while also penetrating 

barriers such as the blood-brain barrier and reaching distant 

areas. Therefore, maximizing the therapeutic efficacy of a 

medicine requires its distribution throughout the body, which 

can be greatly enhanced by administering the drug linked to 

nano-structures or nanocarriers. 

The goal of the targeted medication delivery system is to bring 

the pharmacological effects of the treatment to the sick site 

while reducing systemic side effects [41]. As was previously 

mentioned, conjugating a drug with a physiologically suitable 

polymer would improve drug delivery by enhancing solubility, 

decreasing toxicity, and maximizing the drug's therapeutic 

window [42]. 

6. Difficulties and Possible Future Paths in 

CDDS 

Over the past two decades, regulated medication delivery 

systems have seen tremendous development. Despite this, 

there is room for development to overcome these constraints 

and open up more opportunities in the future. 

6.1 Nanomedicine Challenges and Improvements in CDDS 

Advantages of nano-drug delivery systems over traditional 

administration methods include more precise drug distribution 

and better outcomes for patients. However, safety and toxicity 

profiles of nanoparticle systems are lacking. Several 

investigations found that nanoparticles generated 

inflammation of the liver, lungs, and brain via oxidative stress 

[24]. This inflammation was caused by nanoparticle uptake by 

the reticuloendothelial system. The capacity of nanocarriers to 

pass the blood-brain barrier is useful in treating brain illnesses, 

but it can lead to neurotoxicity if the brain isn't the intended 

site of action. Additionally, nanoparticles can cause 

immunomodulatory effects. To stop the spread of autoimmune 

diseases like autoimmune encephalomyelitis, scientists have 

found a way to use nanoparticles' immunomodulatory activity 

to target inflammatory monocytes across the blood-brain 

barrier [25]. Due to their ordered mesopores (2-6 nm), tunable 

size (50-200 nm), and shape, and their ease of surface 

modification, inorganic mesoporous nanoparticles have 

attracted a lot of interest in controlled drug delivery because 

they can be modified to better target the drug and release it 

from the endosome. Mesopores can be coated with stimuli-

responsive polymers to prevent the premature release of 

pharmaceuticals, so allowing for spatio-temporal control over 

the release of a specific medication into the cytoplasm of the 

target cell [26]. 
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6.2 Microfluidics in CDDS 

Possible future research directions include developing 

microfluidics devices for implantable and controlled 

distribution. It is often referred to as lab-on-a-chip (LOC) 

technology and typically consists of micro-devices with tiny 

compartments and channels [27]. Improved drug delivery can 

be achieved with the help of these microdevices by directing 

the flow of fluids to a targeted area [28]. Some recent research 

has proposed the creation of synthetic polypeptides by 

polymerizing -amino acid N-carboxy anhydrides (NCAs), with 

the goal of organizing these NCAs into nanostructures that 

may then deliver the medicine to a targeted area. Furthermore, 

by modifying the chemical and physical features of the 

polypeptide structure, the release of the pharmacological 

compounds can be controlled [29]. Microfluidics is also being 

used for important purposes including finding new antibodies 

and transporting cells [30, 31]. 

6.3 Intelligent Biomaterials 

The potential for the creation of smart biomaterials that can 

sense their surroundings, automatically adjust to them, and 

then control the release of drugs is enormous. One possible 

application is an intelligent hydrogel that can detect changes in 

blood sugar levels in its environment (via changes in pH or 

temperature) and then release only the amount of insulin 

needed to keep glucose levels stable. While producing smaller 

biosensor hydrogels is necessary, doing so is currently 

difficult due to the hydrogels' increased fragility and an 

inability to impart appropriate mechanical strength [29]. 

6.4 CRISPR CAS9 Technology 

CRISPR, or clustered regularly interspaced short palindromic 

repeats, is a family of DNA sequences that functions primarily 

in prokaryotes as an effector of the adaptive immune system. 

There have been profound shifts in our understanding of how 

to modify genes in specific tissues as a result of this [33]. This 

CRISPR-based delivery method is made up of a single guided 

RNA (sgRNA) and a Cas9 endonuclease. Cas9 can be targeted 

to a specific location in DNA or RNA with the help of 

sgRNA. CRISPR RNA (or crRNA) sequences recognize the 

precise target. But studies are being done to reduce the off-

target consequences of the sgRNA with Cas9 protein combo. 

Instead of Cas9, any other protein therapeutic ingredient might 

be delivered using the same approach [32]. 

6.5 Quantum Sensing Drug Delivery 

Quantum dots, or QDs, are another breakthrough that have 

helped pave the way for more precise drug assays using 

nanotechnology. They are essentially semiconductors made 

from carbon-based nanoparticles that exhibit great chemical 

inertness, high specific surface areas, low toxicity imparting 

capacity, and high solubility [34]. Due to their distinct optical 

features, such as the quantum confinement effect and the 

emission of fluorescence when activated by a light source, 

QDs are promising candidates for use as nano-probes and 

carriers in biological research. QDs, with their unique spectral 

properties, can overcome the difficulty of real-time drug 

tracking that is inherent to most polymer-based drug carriers. 

Quantum dots can be used to readily track down other drug 

carriers, as their fluorescent emission is superior to that of 

organic dyes. In another paper, researchers detailed a method 

for delivering RNA that utilized QDs and siRNA together 

[35]. 

6.6 Three-Dimensional Printing in CDDS 

The capacity to precisely create the systems with numerous 

materials and the unequaled potential for printing complex 

physiological structures and organs have garnered attention in 

both tissue engineering and drug delivery [36]. For improved 

therapeutic efficacy, modern 3D-printed pharmaceuticals such 

as drug-eluting implants and printlets (3D-printed tablets) can 

be tailored to the patient's specific needs in terms of dose, 

form, size, and release characteristics [37]. 

7. Conclusion 

Drugs and fillers are combined to make the dose form. 

Excipients create a solid state, increase shelf life, and hide an 

unpleasant flavor. Typical dose forms include solids, 

semisolids, and liquids, but they all have drawbacks, including 

volatility in plasma drug levels, the need for frequent dosing, 

and low patient compliance. Any drug dose form relies on the 

drug's bioavailability to have any effect. To increase 

bioavailability, lengthen drug release, and keep medication 

plasma levels within the therapeutic window with minimal 

side effects, controlled drug delivery systems have arisen as an 

alternative to the traditional kind. Improved drug solubility 

and stability, as well as selective drug distribution at a 

controllable pace and mechanism to target organs, tissues, and 

cells, are all possible thanks to controlled drug delivery. There 

are many controlled drug delivery systems based on 

dissolution, diffusion, water penetration, and chemical 

regulation. Additional medical problems (cancer, infections, 

etc.) can benefit from stimulus-responsive delivery systems 

because of their ability to both targets and regulate release. 

Further, regulated targeted delivery can be achieved by 

developing nanocarriers with intelligent biomaterials and 

additive manufacturing processes. Microfluidic, 3D-printed 

devices and CRISPR cas9-based delivery systems coupled 

with quantum sensing are at the forefront of personalized 

medicine. 
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