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ABSTRACT

Prodrugs are drugs which are inactive and whose pharmacological effects are enhanced to improve the pharmacokinetics
of drugs i.e., their solubility, stability, absorption and target delivery. They are converted into active drug by enzymatic
work or chemical transformation in the body overcoming such difficulties as low bioavailability and selective targeting.
Prodrugs are categorized according to the conversion location (carrier-linked and bioprecursors) and targets of
therapeutic agents (site-specific and transport-targeted). The specific delivery of the drug to the target site of action can
be observed under different activation procedures such as enzymatic and different chemical processes. Prodrugs have
great potential in personalized medicine, enhancing efficacy and safety of drugs, since the therapies can be directly
personalized in response to specific genetic and metabolic characteristics of individuals. Moreover, nanotechnology,
enzyme-target, and Al are also advancing in the development of prodrugs, making them more precise. This review
examines the mechanisms, uses, and future trends in the design of prodrugs and how those can reshape the development

of drugs and enhance clinical outcomes.
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INTRODUCTION
Definition of Prodrugs

Prodrugs are  pharmacologically  inactive
compounds that on administration are converted into their
active drugs in an enzymatic or chemical reaction. This is a
change that takes place once the prodrug is taken to the
body, usually through enzymatic action in the liver or other
body tissues and leads to the activation of the drug.
Prodrugs are geared towards enhancing the delivery of
absorption or distribution of the active drug, which
otherwise may not be ideal to be used therapeutically
because of such factors as low solubility, stability, or
bioavailability. [1, 2]

Justification of Prodrug Strategies

The prodrug strategies are also commonly
motivated by the need to circumvent the drug limitations
that come with the physicochemical properties of a drug.
These may be poor solubility, instability of the
gastrointestinal tract, or the inability to pass biological

barriers such as the blood-brain barrier. [3, 4] Prodrugs can
be used to increase oral bioavailability, tissue targeting of a
drug, and reduce side effects through the change of
chemical structure of a drug. Furthermore, the prodrug
strategies may be used to prolong the action of the drug and
enhance the compliance of the patients by decreasing the
drug dosing. [1, 3, 5].

Goals of Enhancing Pharmacokinetic Monitoring

Prodrug design Pharmacokinetic enhancement is a
method to maximize the absorption, distribution,
metabolism, and excretion (ADME) characteristics of a
drug. The ultimate objective is to enhance the
bioavailability of the medicine that is to get the drug to the
location of action at therapeutic levels. Prodrugs have been
designed to increase the dissolution ability of a drug,
prevent the degradation of the active compound, and
achieve easier delivery to the target tissues. [6, 7] In
addition, prodrug approaches may aid in the management of
the release profile of the drug, which guarantees a more
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stable effect of the therapeutic effect but with fewer toxic
side effects that could appear. Finally, the
pharmacokinetic enhancement aims at enhancing efficacy
and safety profile of the drug, and thus to augment overall
therapeutic value. [8, 9].

Classification of Prodrugs
Based on Site of Conversion
Carrier-Linked Prodrugs

Carrier-linked prodrugs Prodrug Carrier-linked
prodrugs are a kind of prodrug in which the active drug is
chemically bound to a carrier molecule, which assists in
enhancing the solubility, stability, or bio-permeability of
the active drug. The carrier is typically a hydrophilic or
lipophilic molecule, which is attached to the drug via a
cleavable bond. When the carrier molecule is absorbed
into the body it is enzymatically split up and the active
drug is released where it is required. [8, 10] This plan
augments the pharmacokinetic features of the drug and
may augment oral bioavailability or targeted delivery.
Carrier-linked prodrugs are usually applied in cases where
the drug itself is not very permeable or soluble. [8, 11]

Bio precursors

Bio precursors are prodrugs that need to undergo
metabolic activation in the body before they produce the
active drug. Bio precursors as opposed to carrier-linked
prodrugs do not have a carrier molecule. Rather, the
prodrug is a precursor itself which is enzymatically
converted in the body to liberate the active
pharmaceutical ingredient. This form of prodrug is
usually employed to enhance pharmacokinetics of a drug
by increasing its absorption or stability in vivo prior to its
reaching its target site. After being metabolized, the active
form of the drug may have its therapeutic action. Cases of
drugs which are poorly absorbed or unstable in their
active form are often bio prescribed. [7, 12]

Based on Therapeutic Target
Site-Specific Prodrugs

The site-specific prodrugs will be focused on
releasing the active drug at a specific location in the body
to increase the therapeutic effect and reduce side effects.
This is done through the delivery to the target tissues or
organs, including tumors or inflamed tissues, to which the
prodrug can be activated. Targeting moieties or delivery
systems which are known by particular receptors or
enzymes in the target site are often used in site-specific
prodrugs. This method enables the high drug
concentration on the site of action and a low level of
exposure to the system in general, which enhances
efficacy and safety, especially in therapies such as cancer
or inflammatory diseases. [13, 14]
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Targeted Prodrugs of Transport.

Transport-targeted prodrugs are prodrugs that
improve the delivery of a drug to a limited number of
cells or tissues by exploiting transport systems, including
active transporters or carrier proteins, found on the cell
membrane. The prodrug is altered chemically so that it is
accepted by these transport systems, in which case it is
efficiently absorbed by the target cells. After entering the
cells, the prodrug is activated and releases the active drug.
The technique is particularly beneficial in the overall
delivery of drugs to cells that bear a particular transporter
like in the brain, liver, or tumors. Transport-targeted
prodrugs provide a method of enhancing drug delivery to
cells which are difficult to reach and making the treatment
more effective and off-target effects minimized.[1, 15].

Mechanisms of Prodrug Activation
Enzymatic Activation

Enzymatic conversion is also a widely used
system of prodrug conversion, where certain enzymes are
used to improve the conversion of the prodrug to an active
form. Some of the most common enzymes that are
involved in this process are esterases and phosphatases.
Esterases catalyze the hydrolysis of ester bonds and the
active drug within a carrier molecule is liberated and
phosphatases catalyze the removal of phosphate groups
off prodrugs activating them. Such an enzymatic
transformation mainly takes place in the liver and may
also be found in other tissues which possess these
enzymes. [16]The prodrugs can be developed to make the
active drug release upon the presence of the specific
enzyme activity where and when it is required,
maximizing the desired therapeutic effects and
minimizing the systemic side effects. [1, 8]

Chemical Activation

Non-enzymatic activities in the chemistry
activation of prodrugs include hydrolysis or oxidation to
modify the prodrug into an active form. Hydrolysis
usually entails the dissolution of the ester or amide bonds
in the prodrug by the water, which liberates the active
drug. [8,10]0n the other hand, oxidation is the addition of
oxygen or deprivation of electrons in the prodrug and
converting it into an active pharmaceutical compound.
Such chemical reactions may take place either in the
gastrointestinal tract, liver or any other tissue and in most
cases, it depends on the pH or the redox condition that
results in the conversion. Prodrugs which rely on non-
enzymatic activation via stable processes are also useful
with chemical activation, and can be utilized when it is
not necessary to control the activity of an enzyme.[11, 17]

Target Site-Specific Enzyme Conversions

Target site-specific enzymatic conversions are
prodrug approaches that are planned to stimulate the drug
at its exact site of action in the body. This is done through
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the designing of prodrugs that get cleaved by the enzymes
that are only expressed or highly active in the target site.
As an example, prodrugs can be designed in such a way
that they are activated by enzymes in tumor tissues,
inflamed regions, or individual organs such as the liver.
[18, 19] This local conversion enables conversion of
drugs to be localized so that therapeutic effects at the
target site are maximized whilst avoiding exposure and
toxicity to normal tissues. Prodrug approaches are
especially useful in specific cancer therapies,
inflammatory disorders, and other diseases that require
localized therapy as the most effective approach. [8, 18].

Pharmacokinetic Improvements via Prodrug Design
Increased Aqueous Solubility

The low solubility of most drugs in water is one
of the greatest problems in drug formulation and may
restrict the bioavailability of drugs. Prodrug strategies can
also optimize aqueous solubility of the drug by altering its
chemical structure. Prodrug can be more readily dissolved
in the gastrointestinal fluids by the addition of hydrophilic
molecules or modification of the shape of the drug to
ensure that adequate amount of drug is present to be
absorbed. After the prodrug is absorbed into systemic
circulation it can be broken down into its active state and
this is a great benefit of delivering drugs that are not very
soluble. This method is especially applicable to
hydrophobic drugs which are not easily taken by
mouth.[4,10]

Improved Permeability and Absorption of Membranes

The prodrugs can be also designed to enhance
the permeability of the membranes so that drugs can get
into the target location more easily by penetrating the
cellular membranes.[7,20] This is more important with
drugs that require an ability to penetrate biological
barriers, e.g., the blood-brain barrier or gastrointestinal
epithelium. Prodrug can be used to increase absorption
across the intestinal wall by altering the drug to increase
its lipophilic properties or decrease its polarity resulting in
increased plasma concentrations of the active drug. It is
common in compounds that do not absorb well, which
avoids wastage and results in the drug being used
therapeutically in the blood. [21, 22]

Prolonged Half-Life

Prodrugs may be made to have a longer half-life
in the body and this helps in prolonging therapeutic drug
levels in the body. This is normally done through altering
the drug to have a slower metabolism or lower rate of
elimination. [23, 24] Long half-life prodrugs may be
especially beneficial in chronic disease, where there
would be a need to have long-term, consistent drug
delivery. Prodrug strategies can enhance patient
compliance by limiting the number of doses required, as
well as reduce intermittent effects of drug concentration,
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which causes more consistent therapeutic responses. [7,
25]

Decreased First-Pass Metabolism

First-pass metabolism is a metabolism process
where a drug is metabolized by the liver prior to
absorption into the systemic circulation and this may
decrease its bioavailability. In order to avoid or minimize
first-pass metabolism, the prodrug is commonly
formulated with different properties to avoid initial
metabolism or reduce the effect of first-pass metabolism
through changing the structure of the drug to enable its
absorption into the bloodstream without initial breakdown
in the liver. After absorption, the prodrug would be
converted into its active form, and it would result in
increased exposure to the drug. This advantage is
especially relevant to drugs of low oral bioavailability
because of a high level of metabolism in the liver, so a
greater quantity of the drug reaches the site of action. [5,
26]

Enhanced Bioavailability

Increasing bioavailability is among the main
aspects of prodrug design. Prodrug can enhance first pass
metabolism by increasing the solubility, permeability,
half-life and can reduce the first pass metabolism to
improve the amount of drug that is available in the
bloodstream and finally to reach the target site. This is
because in case of increased bioavailability, the drug can
be able to perform the therapeutic effects that it must
perform much more efficiently, at the same doses and at
lower side effects [10, 27]. It is especially relevant to
those drugs which are ill-absorbed or swiftly delivered out
of the body and provide an opportunity to enhance the
drug and decrease the dosing rate. The improved
bioavailability eventually results in improved patient
outcomes and efficacious treatments. [10, 22].

Prodrug Design Considerations
Modification of the functional groups via the
functional group selection

In designing prodrugs, the choice of functional
group to be modified is extremely important to the
provision of desired pharmacokinetic properties. The
functional group should be selected on the basis of its
capacity to enhance the solubility of the drug, its
permeability or stability as well as the -effective
transformation of the prodrug to the active form. Usually,
functional groups such as esters, amides, phosphates, and
carbamates are employed in designing prodrugs; and the
group can be broken down by enzymes or by chemical
reactions to free the active drug. The functional group has
to be stable in order to avoid premature activation and yet
be labile to facilitate effective conversion when the
prodrug has reached its target site. The selection of
functional groups should be done in a proper manner in
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order to maximize the therapeutic effect of the drug and at
the same time reduce the side effects. [7, 28]

Stability and Timing of Activation

The prodrug stability and the time when it is
activated is a vital aspect to be considered in design.
Prodrugs should be resistant enough to endure conditions
within the gastrointestinal tract, circulatory system, or
other biological conditions until the activation takes place.
Nevertheless, they should also be vulnerable to be
activated when and where required in the body. [1, 29]
This necessitates a precise structuring of the chemical
form of the prodrug, in order to make sure that it is only
activated once at the target site or after a series of
enzymatic or chemical reactions have occurred. To ensure
optimal therapeutic effects at the lowest risk of toxicity or
off-target effects, it is crucial to have the appropriate
equilibrium between stability and timely activation. [30—
32]

Toxicity and Safety of Promoieties

The chemical entities that are bound to a drug in
a prodrug system, which are referred to as promoieties,
are to increase the pharmacokinetic characteristics of the
drug that is being used and thus their toxicity and safety
profile should be critically considered. Although
promoieties can have a crucial positive effect on
solubility, absorption, and targeting, they must not be a
threat of adverse aftereffects when released or
metabolized. [1, 9, 33] The toxicity studies should also
examine the active drug and the promoiety so that they do
not lead to adverse reactions at therapeutic doses. Also, it
is important to monitor the possibility of the accumulation
of the promoiety in the tissues or its interaction with other
biological systems. The safety of a prodrug is determined
by the active drug, the chemical structure of the
promoiety, and its capability to safely be metabolized or
excreted via the body. [3]

Enzymatic Availability and Variability

Enzymatic variability and availability are also
essential factors to be put into consideration when
developing enzyme-dependent prodrugs. The conversion
of the prodrug is conditional on the presence of certain
enzymes in the target tissue or organ and changes in the
expression of these enzymes may have an influence on
drug efficacy. Genetic variations, age, disease condition
and environmental conditions are all known to produce
variations in enzyme activity. Thus, it is crucial to know
the enzymatic environment of the target site to be able to
design prodrugs that can be activated with a high degree
of reliability. Moreover, differences in the availability of
enzymes also have to be considered to assure that the
prodrug will be activated at the correct time and location
to bring about consistent therapeutic effects in different
groups of patients.
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Prodrug Applications in Various Drug Classes
Antiviral exercise (e.g., Tenofovir Disoproxil)

Poorly bioavailable antiviral agents or agents
that may need targeting have also been developed
effectively as prodrug that improves pharmacokinetic
properties of antiviral agents. One of these prodrugs is the
tenofovir disoproxil that enhances the bioavailability of
the active constituent of tenofovir which has poor
bioavailability and low tissue penetration. Tenofovir is
more lipophilicized into disoproxil ester and is readily
absorbed and disseminated in a body. The disoproxil
group is injected inside the body, where esterases can
cleave the group to release the active drug, which in turn,
can exert its antiviral effect on HIV and hepatitis B,
which can be regarded as an effective strategy in antiviral
drug design because the drug delivery can be improved,
and the drug efficacy can be enhanced and the frequency
of the dosage can be decreased. [34]

Anticancer Agents

Capecitabine is a prodrug which finds its
application in the management of cancer particularly the
breast cancer, colon cancer and gastric cancer.
Capecitabine as a prodrug is intended to augment the
pharmacokinetics of the active metabolite, 5-fluorouracil
(5-FU) as it is widely used in chemotherapy but has a
restriction on its toxicity and therapeutic index. The
activation of capecitabine into 5-FU is selectively done
with highly expressed tumor tissue enzymes that provide
particular delivery of the active drug. This non-random
activation will minimize the systemic toxicity and
maximize the clinical effect of the drug on malignant
cells, and the adverse effect on normal and healthy tissues
is less severe. This is a prodrug approach that will make
the treatment of anticancer more correct and result in
more effective and less toxic treatments. [35, 36]

NSAIDs

Other drugs that involve the use of prodrugs to
produce effective drugs include nonsteroidal anti-
inflammatory drugs (NSAIDs) whereby a prodrug such as
Nabumetone is a prodrug of 6-methoxy-2-naphthylacetic
acid. The prodrug type is easily absorbed in the gastro
intestinal tract due to their being more soluble in the
gastrointestinal tract compared to that of the active form.
On absorption, Nabumetone is metabolized in the liver to
active drug that possesses anti-inflammatory, analgesic
and antipyretic effects. [37] The use of prodrugs like
Nabumetone can be used to increase the level of patient
compliance because it will assist in reducing the
gastrointestinal irritation and adverse effects common
with conventional NSAIDs. In addition, prodrug
strategies in NSAID can be designed in such a way that it
selects certain tissues and enhances the therapeutic profile
and reduces adverse effect. [1]
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Cardiovascular Drugs

Prodrug applications in the formation of
cardiovascular drugs are also not an exception, and they
help to enhance the bioavailability of active substances
and their targeting. Heart and blood drugs (hypertension,
heart failure, angina, etc.) also have a high likelihood of
having many problems including low solubility or short
half-life. Under such designing of prodrugs that can be
converted to their active forms in some tissues the drugs
can be delivered much better and therefore bring better
therapeutic effects. Prodrug method in cardiovascular
therapy typically involves trying to achieve stability of the
drug, reduction of first pass metabolism, and absorption
that will result in a better control of heart rate, blood
pressure as well as vascular tone in the patient that will
translate to better patient outcome in heart diseases. [1,
38, 39]

Blood-Brain Barrier CNS-Active Drugs.

The obstacle of blood-brain barrier (BBB) to the
action of therapeutic agents not specific to the brain is one
of the biggest barriers to drug development that have
CNS-activity. The prodrug approaches also come in the
most convenient way of avoiding this barrier by
modifying drugs to enable them to become lipophilic and
able to cross the BBB. After the prodrug enters the brain
it is then transformed into the active form and then it can
carry out its therapeutic action. An example would be to
use some antipsychotic, analgesic and anticonvulsant
medications that are designed as prodrugs to increase the
ability of the drug to enter the BBB. It is also required in
the treatment of neurological disorders such as the
Alzheimer disease, Parkinson disease, epilepsy,
depression where the drug administered onto the brain is
the most crucial element in treating this disease. The
prodrug design of the CNS-active drugs gives the
possibility of the drug delivery to be more effectual,
reduced side effects, and better treatment of the
neurological disorders. [40, 41]

Regulatory and Developmental Challenges
Prodrug Approval Regulatory Guidelines.

The approval of prodrugs has been outlined with
great guidelines by regulatory authorities, such as the U.S.
FDA, EMA, as well as ICH. Such directives are aimed at
making sure that prodrugs fulfill the required safety,
efficacy and quality requirements before they are put to
market. The drugs are tested on their stability in
chemistry, pharmacokinetics, and efficacy of the prodrug
conversion process to the active drug form. The
regulatory agencies demand detailed research that shows
that the prodrug is always transformed to its active form
under physiological conditions. Pharmacokinetic profiles,
including bioavailability, distribution, metabolism, and
excretion, should also be evaluated properly, and the
information about any possible drug-drug interactions
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should be present. Another battle that would lead to
successful approval is showing that the benefits of the
prodrug surpass any risk that may be posed as a result of
the conversion process. [7, 11]

Toxicological Evaluation

Toxicological assessment is an important part of
the prodrug development, because the inactive compound
has to be proven to be harmless to use by humans.
Preclinical experiments aim at determining the
pharmacokinetic potential of the prodrug and its
metabolites including toxicity, especially that caused by
the prodrug or the products that are obtained following
conversion.[42, 43] Such studies normally comprise of
acute, subacute and chronic toxicity, genotoxicity and
carcinogenicity testing. Additionally, the effects of the
prodrug on other body organs, like liver and kidneys are
also monitored. Safety pharmacology evaluations should
also be done on the prodrug to determine whether the
drug has any adverse effect on the cardiovascular,
respiratory system or central nervous system. This is a
toxicological information that guides the approval of new
regulations and also gives safety assurance to the
participants of the clinical trials. [42, 44]

In Vivo Conversion Rates Prediction.

An important and complicated procedure in
prodrug development is the prediction of in vivo
conversion rates. The rate of conversion of a prodrug to
an active form is determined by a number of factors
which include enzymatic activity, level of pH and tissue
specifics. [45, 46] In vitro experiments such as enzyme
assays and tissue homogenate studies give information on
the metabolism of the prodrug. Nevertheless, modeling is
necessary to predict the precise conversion rate in
humans, typically through the in-silico approach or
physiologically-based pharmacokinetic (PBPK) models
which are models that model drug absorption,
distribution, metabolism, and excretion. [47, 48] These
models may aid in estimating the behaviour of the
prodrug in different tissues, and they will behave in
different physiological conditions. It is important to
precisely predict the conversion rates to ascertain that the
prodrug can be effective and safe in the clinical settings.
[47,49]

Complexities of Clinical Trials Designs

The design of clinical trials of prodrugs has
special difficulties in contrast to the classical drug
development. Since prodrugs are inactive substances,
which need to be metabolically transformed to produce
their therapeutic action, it is important to take into
consideration the pharmacokinetic characteristics of both
the prodrug and the active version.[7,11,50] The trial
design should be based on the time-span needed to ensure
that the conversion in question takes place and the rate at
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which various individuals convert. Frequently, dose
escalation studies are required to find the most suitable
dosing regimen, such that bioavailability and therapeutic
effect are adequate, but toxicity does not become
excessive.[3,51] Also, biomarkers can be needed to track
the conversion of the prodrug in real-time. Moreover, the
clinical trials should be modeled to analyze both the
prodrug and the active metabolites of the drug to obtain a
complete picture of the efficacy and safety profile of the
drug. Thus, proper planning and dynamic trial design is
very important to defeat these complexities and make sure
that prodrugs are properly assessed regarding their
clinical potential.[8, 11, 52]

8. Emerging Trends and Future Prospects
Personalized Medicine: Prodrugs

Prodrugs have great potential in personalized
medicine because they improve drug delivery and
maximize the therapies of individual patients.
Personalized medicine is aimed at customizing the
treatment depending on the genetic profile of a patient,
his/her lifestyle, and peculiarities of a disease. Prodrugs
are also able to be developed so as to target the distinct
metabolic phenotypes of individuals, so that they will
only be activated in the absence of particular enzymes or
conditions, including pH or tissue  specific
features[53,54]. The method reduces the possibility of any
adverse effects and maximizes therapeutic efficacy due to
the delivery of the active drug in the right time and place.
Also, an individualised prodrug approach may be used to
enhance the bioavailability of poorly soluble or absorbed
drugs thereby offering a more tailored and effective
therapy to patients. With the ever-growing development
of genomic data and the discovery of biomarkers, it is
possible to incorporate prodrugs into precision medicine
to deliver more effective and personalized treatments. [55,
56]

Prodrug-Nanocarrier Hybrids

Prodrug- nanocarrier hybrids are a novel
category of drug delivery that includes the advantages of
both prodrugs and nanotechnology. Nanoparticles,
dendrimers, and liposomes are some of the nanocarriers
that are wused to deliver drugs, enhance their
bioavailability, stability, and targeting. These hybrids can
have other benefits when used together with prodrugs e.g.
increased localization to target sites and controlled release
[55, 57]. The prodrug molecule would help in keeping the
drug inactive until it gets to the intended site, whereas the
nanocarrier would help in delivering the drug in a
controlled and sustained manner over time. This method
is synergistic especially when it is applied to hard-to-
reach regions like tumors, brain tissue or sites of
infection. [1, 55] Moreover, nanocarrier size and surface
characteristics can be localized to enhance cellular
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absorption, decrease off-target, and increase the index of
therapeutics.  Hybrid  prodrug-nanocarrier  hybrids,
therefore, have potential in various therapeutic treatments
such as cancer therapy, gene therapy and managing
chronic diseases, in which the aspect of targeted drug
delivery is crucial.[58, 59]

Gene-Activated and Enzyme-Targeted Prodrugs

Enzyme-targeted and gene-activated prodrug is a
new approach of targeted drug delivery. Enzyme-targeted
prodrugs are prepared such that they can only be released
by certain enzymes which are expressed in excess in
disease tissue or cells like in a tumor or an infected
tissue.[60] The prodrugs are inactive until met with the
target enzyme so that the therapeutic agent is released
only in the region of need which reduces systemic toxicity
and increases the therapeutic effects of the drug. On the
other hand, gene-activated prodrug depends on the
presence of a certain gene in the body to activate the
prodrug.[1,8] This methodology is specifically applicable
in cancer therapy when tumor cells can over express
specific genes that can activate the prodrug. These two
approaches exploit the disease-specific processes to
provide localized drug activation, which promises as a
promising treatment in more selective and less toxic
therapies.[19, 61]

Role of Al in Prodrug Design

The role of Artificial Intelligence (Al) is
becoming more prominent in the creation and
development of prodrugs with some never-before-seen
opportunities and possibilities to predict drug efficacy,
optimize structure, and speed up the discovery of drugs.
[62, 63] The Al algorithms, machine learning and deep
learning, could be used to analyze large datasets,
including chemical libraries, biological data, and clinical
trial outcomes to help determine the desired properties of
potential prodrug candidates. [62, 64] Using Al models,
researchers are able to forecast the pharmacokinetics,
toxicity and conversion rates of prodrugs prior to
experimental testing and thus time and resources saved.
The identification of potential enzyme targets upon
prodrug activation, simulation of the prodrug metabolic
pathway, and optimization of the structuring of the
prodrug to be more bioavailable and less side-effect
improvement can be achieved with the use of Al as well.
[7, 8, 65] Also, Al-based technologies can help with the
design of personalized prodrugs, including patient-
specific information, including genetic variations, and
these factors can affect prodrug activation and response.
Altogether, Al helps to revolutionize the design of
prodrugs, making it more accurate, minimizing trial and
error, and helping to develop more effective and targeted
treatments. [8, 66, 67]
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Table 1: Classification of Prodrugs
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Classification Type

Description

Site of Conversion Carrier-Linked Prodrugs

Drug is chemically bonded to a carrier molecule to
improve solubility or permeability.

Bioprecursors Prodrug is metabolized into the active

drug without a carrier.

Therapeutic Target Site-Specific Prodrugs

Activated at specific sites in the body (e.g.,

Transport-Targeted
Prodrugs

Utilizes transport mechanisms for
targeted delivery to specific cells.

Table 2: Mechanisms of Prodrug Activation.

Activation Mechanism

Process Description

Enzymatic Activation

Conversion by specific enzymes like

Chemical Activation

Non-enzymatic processes, such as hydrolysis or oxidation.

Target Site-Specific Enzymatic Conversions

Activation by enzymes uniquely expressed in target tissues (e.g.,

Table 3: Pharmacokinetic Improvements via Prodrug Design

Pharmacokinetic Improvement

Description

Improved Aqueous Solubility

Prodrugs designed to enhance solubility in water for better absorption.

Enhanced Membrane Permeability

Modifications to improve the ability of the drug to cross cellular membranes.

Prolonged Half-Life

Slows down drug metabolism for sustained therapeutic effects.

Reduced First-Pass Metabolism

Avoids early liver breakdown, increasing bioavailability.

Enhanced Bioavailability

Optimizes the overall absorption and delivery of the drug.
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CONCLUSION

Prodrug design is a radical way of improving drug
development that improves pharmacokinetic performance to
address drug development issues including low solubility,
biomolecular accessibility, and local delivery to the tissue.

Prodrugs can be used to enhance the absorption, stability
and controlled release of drugs resulting in more efficient
and effective therapies as a result of strategic modification.
Designing prodrugs which can be activated at a particular
location in the body makes it possible to deliver drugs in



Asha Jyothi P, et al. / Vol 16 / Issue 1/ 2026 / 14-23.

specific sites and this reduces their side effects and
enhances their therapeutic effects, particularly where such
drugs are used as cancer, viruses, and chronic diseases. In
addition, the introduction of a combination of modern
technologies, including nanocarriers, activation of enzymes,
and artificial intelligence into the construction of prodrugs
can have a tremendous potential on the personalized
approach to medicine, where the treatment is designed to
address the needs of a particular patient. In spite of these

21

achievements, there are still difficulties, such as the
requirement of accurate clinical trial designs, proper
forecast of the conversion rates, and comprehensive
regulatory assessment. With the evolution of the field,
innovative approach to the prodrug strategies is still
continuing and is expected to transform the manner in
which we approach the treatment of patients with drugs,
offering improved, safer and more personalized treatment to
patients across the globe.
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