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ABSTRACT 

The prodrug approach has become an extensive tool to prevent a myriad of undesirable biopharmaceutical properties like minimal 
oral absorption, permeability, toxicity, and excessive first pass metabolism, physicochemical properties like poor solubility, chemical 
instability, bad odour or taste, or pharmacodynamic properties like irritation or pain and promises to be very effective for treatment 
of many diseases in future. Targeted drug delivery by the prodrugs is one of the biggest goals currently challenging the 
pharmaceutical and formulation scientists. The future potential of prodrugs is very immense, enabling multimechanistic drug 
targeting approaches, and they may prove to be the legendary “magic bullets” for delivery of therapeutics. This review provides 
insight into various prodrug strategies explored to date for drug delivery to various sites. Several examples of where the prodrug 
approach has been used to achieve targeted delivery will be discussed. 
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INTRODUCTION 

It is a well known fact that nearly all the therapeutic drugs 
possess different biological and physico-chemical 
characteristics that may be either desirable or 
undesirable. These undesirable characteristics may act as 
the bio-pharmaceutical or pharmacokinetic and 
pharmacological barriers to drug’s usefulness. A large 
number of drug discovery scientists are carrying out the 
research activities for discovering the methods that are 
directed at reducing the undesirable characteristics and 
improving the therapeutic efficacy of the therapeutically 
significant drugs while retaining the desirable 
characteristics.1-2 

Poor permeability (acetaminophen, theophylline), 
minimal solubility (corticosteroids), chemical instability 
(dopamine, acyl glucuronides), limited bioavailability 
(ampicillin), lack of site specificity (antineoplastic agents), 
toxicity (propanaldehyde, amphetamines), low or 
incomplete drug absorption (epinephrine), poor patient 
acceptance (chloramphenicol)  and poor targeting 
capabilities are some of the undesirable characteristics of 
the drugs that plague the drug discovery and 
development.3 Normally, in most of the drugs with poor 
targeting capabilities, only a small amount of the drug 
reaches the targeted site, whereas the remaining amount 
of the drug reaches to the other non-targeted sites which 
leads to undesirable side effects and inefficient drug 
delivery.4  

The efficacy of the therapeutically significant drugs can be 
achieved through: 

1. The biological approach, where the route of 
administration of the drug is altered. The versatility of 

this approach is severely limited as the alternative 
routes of administration are less convenient than the 
oral route. For example, Injectable route is used to 
optimize the onset of action, reduce gastric irritation 
and maximize bioavailability. But the levels of 
acceptability of the patient vary. 

2. The physical approach where the design of the drug 
dosage form could be modified as in the case of the 
controlled release and modified release drug dosage 
forms. Augmentin XR (GlaxoSmithKline), Cipro XR 
(Bayer) and Procardia XL (Pfizer) are the controlled 
release dosage forms of Amoxicillin/ Clavulanate 
potassium, ciprofloxacin and nifedipine respectively. 
In the case of Procardia XL, the drug is formulated as 
OROS (Oral osmotic pump) tablets, where the release 
of the drug nifedipine is controlled carefully and is not 
influenced by the gastro-intestinal conditions such as 
GI motility and pH.5-6 

3. The chemical approach involves the design of 
Prodrugs whose main objective is to convert an active 
molecule of interest into a drug that is clinically 
acceptable. This enhances the selectivity of the drug 
while limiting the toxicity. The chemical approach is 
the best of all and the targeted Prodrug design 
represents a new strategy for directed and efficient 
drug delivery. 

PRODRUGS  

The concept of Prodrugs dates back to late 1950s, when 
Albert (1958) first introduced the term ‘prodrug’ or 
‘proagent’ in his article in Nature to signify the 
compounds that undergo biotransformation prior to 
exhibiting the pharmacological effects.7 Later, these 
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compounds have been referred to as the ‘latentiated 
drugs’ and the process as ‘drug latentiation’ by Harper, 
which he described as the chemical modification of a 
biologically active compound to form a new compound 
which, upon in vivo enzymatic attack liberates the parent 
compound. These compounds were also called as 
‘congeners’ and ‘bioreversible derivatives’. 8-13 

Prodrugs can be defined as the pharmacologically inactive 
molecules which require an enzymatic or non-enzymatic 
transformation to release the active parent drug in vivo to 
exert a therapeutic effect that occurs prior to, during or 
after the absorption or in the specific target tissues.14,15 

The rationale for the prodrug design is mainly to achieve 
a myriad of favourable biopharmaceutical properties like 
oral absorption, permeability, toxicity, and first pass 
metabolism, physicochemical properties like solubility, 
chemical stability, odour or taste, or pharmacodynamic 
properties like reduced irritation or pain16-18 and prevent 
the barriers that plague the drug discovery and 
development. Figure 1.19 

 

Figure 1: Prodrug Concept (Prodrug = Promoiety + Drug)  

Prodrugs may exist either naturally or can be obtained 
through some synthetic or semi-synthetic processes. 

1. Natural: Various phytochemicals and endogenous 
substances. 

2. Synthetic or semi-synthetic: These are of two types. 

a. Prodrugs existing naturally or produced fortuitously 
during drug development: Aspirin, codeine, heroin, 
psilocybin, irinotecan, and L-dopa 

b. Prodrugs resulted through strategically targeted 
rational drug design: Oseltamivir (Tamiflu), ACE 
Inhibitors (Lisinopril, Enalapril), NSAIDs (Diclofenac), 
Antibiotics (Sarmoxicillin, Bacampicillin).20  

A prodrug is said to be ideal if it has optimal 
physicochemical properties like solubility, 
permeability, lipophilicity, stability in GI tract and if 
the promoiety is non-toxic and releases the active 
drug at an appropriate rate in vivo.21  

Classification of Prodrugs  

This classification of Prodrugs20 is based on the site and 
tissue location of conversion of the prodrug. (TABLE 1)  

DRUG TARGETING OR SITE-SELECTED DRUG DELIVERY 

Targeted or site-specific or site-selective drug delivery, 
the ultimate aim of all drug delivery research scientists, 
results in an optimal therapeutic benefit of a drug and 
minimizes the undesired effects. Targeted drug delivery 
could be achieved by enhancing the availability of drug at 
the targeted or response site besides reducing its 
availability at the non-targeted sites. 

 
Table 1: Classification of prodrugs 

TYPE AND SITE OF CONVERSION SUBTYPE AND TISSUE LOCATION OF 
CONVERSION EXAMPLES 

I 
Intracellular 

I A 
Therapeutic target tissues/ cells 

Cyclophosphamide, Acyclovir, 
L-Dopa, Mitomycine-C 

I B 
Metabolic tissues 

Liver, GI mucosal cells, lung 

Carbamazepine, Captopril, Heroin, 
Psilocybin, Phenacetin, suldinac. 

II 
Extracellular 

II A 
GI fluids 

Lisdexamfetamine, loperamide, 
Oxyphenisatin, sulfasalazine. 

II B 
Systemic circulation and extracellular 

fluid compartments 

Bambuterol, Fosphenytoin, 
Acetylsalicylate, Bacampicillin. 

II C 
Therapeutic target tissues/ cells ADEPs, GDEPs, VDEPs 

 
Therapeutic advantage and drug targeting index are the 
parameters that assess the efficiency of drug targeting. 
Therapeutic index (a) of a drug is the ratio of the 
maximum tolerated dose to the minimum effective dose, 
whereas the therapeutic advantage (b) is an assessment 
of the benefits of targeting in relation to the therapeutic 
indices of the targeted and non-targeted drug. Drug 
targeting index (c) is an indicator of pharmacological 

efficiency and toxicity of a targeted delivery system and 
serves as a measure of quantitative gain associated with 
targeting. In this concept, it is assumed that area under 
the curve (AUC) reflects the pharmacological activity and 
the toxicity of the drug.  It is defined as the ratio of the 
ratio of drug delivered to targeted and toxic sites when 
employing targeted delivery system to the same ratio 
when non-targeted delivery system is employed. 22, 23   
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a) Therapeutic Index = Maximum Tolerated Dose 

                                      Minimum Effective Dose               
b) Therapeutic Advantage = Therapeutic Index targeted drug 
                                              Therapeutic Index non-targeted drug 
c) Drug Targeting Index = (AUC targeted site / AUC toxic site) targeted drug                                        
                                                                                                                                                                      ...................................................... ................... .................... ................... ................... .................... ................... ................... .................... ................... ................... .................... ................... .................... ................... ................... .................... ................... ................... .................... ................... ................... .................... ................... ................... .................... ................... ................... .................... ........  

                             (AUC targeted site / AUC toxic site) non-targeted drug 

If the D. T. I values are greater than 1; it reflects a benefit 
from the use of a targeted delivery system. Drug targeting 
increases the high local concentrations of a drug at the 
targeted site and hence alleviates the dose-limiting side-
effects. This phenomenon is especially desirable for highly 
toxic drugs, such as those employed in the treatment of 
cancer and also for the drugs with a narrow therapeutic 
window. 22, 23 

PRODRUGS FOR SITE-SELECTIVE DRUG DELIVERY 

 Site-selective drug delivery is achieved by passive drug 
enrichment of the drug in the organ by selective 
metabolic activation through enzymes, and by antigen 
targeting, via transporter mediated delivery. 24, 25 

The factors that must be optimized for obtaining prodrug 
acting at specific site are:  

a) The prodrug must be transported to the site of action 
directly and must undergo a rapid uptake. There must 
be a limited rate of perfusion. 

b) On reaching the site of action, it must be cleaved 
selectively by yielding the active drug, relative to its 
conversion at other sites.  

c) The active drug must be retained by tissue, once 
selectively generated at the site of action.26, 27 

CNS – Targeted Drug Delivery 

The development of new drugs for the Central Nervous 
system has not kept pace with progress in the molecular 
neurosciences as the majority of new drugs discovered do 
not cross the Blood-Brain Barrier (BBB), which is the main 
challenge to the transport of drugs to the Central Nervous 
System. It is often possible to achieve enhanced CNS 
delivery and limit the side effects in other tissues or 
organs by having knowledge of the specific transport 
mechanisms and enzymatic activity at the BBB and CNS.  

Inorder to increase the concentration of the drug in CNS, 
the lipophilicity of the parent drug has to be increased. 
When the lipophilicity of the drug is increased via a 
prodrug, it will exhibit an enhanced penetration into the 
CNS. Besides increasing the lipophilicity, it must be 
ensured that the target tissue bioconversion is rapid and 
selective enough for competing with elimination from 
target tissue.27, 28 

 
Figure 2: Bioconversion of Levodopa to Dopamine 

One of the best examples that is considered as a prodrug 
and achieves targeted delivery into central dopaminergic 
neurons is Levodopa (Dopar). LAT1 is a neutral amino acid 
transporter expressed at the BBB. Levodopa is a substrate 
of LAT1. This uptake transporter carries Levodopa to brain 
tissue and Levodopa rapidly gets converted to dopamine 
by the enzymes present only in the nerves. After the 
bioconversion, (Figure 2) a very hydrophilic dopamine is 
trapped into the CNS, enabling its pharmacodynamic 
effects selectively in brain tissue. 

Cancer-Targeted Drug Delivery  

Cancer is now one of the principal causes of death in the 
western world, except for heart and coronary disease. 
The average chance of being cured of cancer is 
augmented by only 0.5 percent, though there had been 
an extensive cancer research to find improved drugs and 
treatments. Most of the chemotherapeutic agents that 
are used for cancer treatment have a very small 
therapeutic window or index, which indicates a little 
therapeutic effect, while they cause severe, sometimes 
life-threatening side effects. Cancer is a group of diseases 
characterized by uncontrolled and independent 
proliferative growth of tumor cells. 29 

Lack of selectivity of chemotherapeutic agents is a major 
problem in cancer treatment. Hence there is a necessity 
of developing targeted delivery approaches for 
chemotherapeutic agents. The aim of cancer therapy is to 
target an inactive prodrug selectively to tumor cells 
where the active drug is released without being toxic to 
normal, healthy tissue. Because of the very high 
proliferation rates of tumor cells, in addition to the 
bioreductive activity, certain enzyme levels are often 
elevated in these cells and this property has been 
exploited in targeted prodrug-tumor delivery. 30 

Capecitabine (Xeloda) is an orally administered 
carbamate prodrug of 5-Fluoro- Uracil, requiring a 
cascade of three enzymes for its bioconversion to the 
active drug. Capecitabine undergoes intact absorption 
from the intestine and the final step of bioconversion 
pathway occurs within the tumors, thus avoiding systemic 
toxicity.  

 
Figure 3: Bioconversion of Capecitabine to 5-FluoroUracil 

The enzymatic bioconversion pathway31 (Figure 3) is 
initiated in the liver where human carboxyl-esterases 1 
and 2 cleave the ester bond of the carbamate, which is 
followed by a rapid decarboxylation reaction resulting in 
the formation of 51-deoxy-5- fluorocytidine. The reaction 
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continues in liver and partly in tumors by cytidine 
deaminase and forms 51-deoxyuridine. The final 
activation step occurs in tumors, where thymidine 
phosphorylase liberates the active drug 5-FluoroUracil. 
The bioavailability of 5-FU is almost 100 % after the oral 
administration of Capecitabine. 31 

Enzyme-Activated Prodrug Therapy 

For the treatment of cancer, enzyme-activated prodrug 
therapy has been used to design specific drug delivery 
systems. To expand the range of tumors that are 
susceptible to enzyme-prodrug cancer therapy, prodrug-
activating exogenous enzymes can be delivered by using 
antibodies and genes. First, the drug activating enzyme is 
targeted and expressed in the tumors and later a non-
toxic prodrug that acts as a substrate to enzyme is 
systemically administered enabling the selective 
activation of the prodrug in the tumor. 32 

The strategies that have been directed to targeting the 
tumor are:  

a) 1) Antibody-directed enzyme prodrug therapy (ADEPT), 2) 
Gene-directed  enzyme prodrug therapy (GDEPT), 3) Viral-
directed enzyme prodrug therapy (VDEPT), 4) 
Macromolecule-directed enzyme prodrug therapy 
(MDEPT), 5) Lectin-directed enzyme prodrug therapy 
(LDEPT). 

ADEPT and GDEPT are the most common approaches.  
ADEPT is a two-step therapy, in which the enzyme-
antibody conjugate first binds to a tumor-specific antigen 
on the malignant cell membrane. The inactive prodrug is 
then administered and activated to an active cytotoxic 
drug by the localized enzyme. The first clinically tested 
ADEPT prodrug is 4-[(2-chloroethyl) (2-mesyloxyethyl) 
amino] benzoyl-L-glutamic acid (CMDA). 33, 34 

The principle of GDEPT is similar, but the enzyme is 
localized within tumor cells by using a non-viral targeting 
vector to deliver the gene encoding the enzyme into the 
tumor cells. The examples of GDEPT include irinotecan, a 
prodrug of 7-ethyl-10-hydroxy-camptothecin, 5-
fluorocytosine, a prodrug of 5-fluorouracil, and 
cyclophosphamide, a prodrug of 4-
hydroxycyclophosphamide. 34, 35 

 
Figure 4: Mechanism of ADEPT and GDEPT 

The outline of the mechanisms of ADEPT and GDEPT36 are 
illustrated in the (Figure 4)  

Liver- Targeted Drug Delivery  

Liver is the most important metabolizing organ and 
possesses a wide variety of liver-specific metabolic 
enzymes that are capable of prodrug activation. There are 
many drug carriers that are capable of targeting drugs to 
blood vessels of individual tissues, like the antibodies, 
labeled liposomes, polymers, but they often fail to deliver 
the drugs to extravascular sites. 37, 38 

Successful targeting of drugs to liver requires an efficient 
uptake and conversion of prodrug to the active drug and 
retaining the drug in the liver for a period of time 
sufficient for the drug to accumulate to pharmacologically 
active levels. Usage of HepDirect prodrugs is a new 
prodrug strategy that is dependent on a CYP-catalyzed 
cleavage reaction. HepDirect prodrugs are a series of 
substituted cyclic 1, 3-propanyl esters of phosphates and 
phosphonates that are designed to undergo a single 
enzyme-catalyzed oxidative cleavage reaction. 

Pradefovir mesylate is a cyclic 1, 3-propanyl ester prodrug 
of a nucleoside mono- phosphate (NMP), Adefovir 
(Hepsera), used in the treatment of hepatitis B. Pradefovir 
undergoes a cytochrome P450 (CYP) 3A4 catalyzed 
oxidation predominantly in liver hepatocyes. The 
oxidation results in ring opening and elimination of an 
aryl vinyl ketone. The released monophosphate adefovir 
is further converted by nucleotide kinases to the active 
nucleoside triphosphate (NTP). Pradefovir has 
demonstrated good efficacy with low systemic adefovir 
levels, in the clinical trials, which is an indirect evidence 
for liver targeting. 38-40 

Colon- Targeted Drug Delivery 

Colon-specific delivery system has been effectively used 
in the treatment of many colonic diseases like irritable 
bowel syndrome, ulcerative colitis, crohn’s disease and 
colorectal cancer. Currently, the prodrug approach is used 
to treat the inflammatory bowel diseases (IBD), in which 
the active drugs are liberated by the action of bacterial 
enzymes like glucosidases, glucronidases and azo-
reductase in the colon. 41 The prodrugs for colonic 
delivery undergo low absorption and hydrolysis in the 
upper part of gastrointestinal tract, enzymatic hydrolysis 
in the colon, and thereby regenerate the drug from the 
drug carrier.  

Sulfasalazine is an azo prodrug that is metabolised by the 
intestinal bacteria.  Its active moiety, 5-amino-salicylic 
acid is very effective in treating IBD and was the first 
bacteria sensitive delivery system. Sulphapyridine acts as 
the drug carrier. Sulfasalazine undergoes azo reduction in 
the colon to release 5-amino-salicylic acid and 
sulphapyridine. 42 
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Figure 5: Prontosil undergoing reduction to form 
Sulfanilamide. 

Examples of the prodrugs used for colon-targeted drug 
delivery include Prontosil (Figure 5), Olsalazine, and 
Budesonide-β-D-glucuronides. 43 Some prodrugs and their 
drug carriers used in targeted drug delivery are illustrated 
in the TABLE 2. 44 

Table 2: Prodrugs and the drug carriers in colon-
targeted drug delivery 

DRUG 
INVESTIGATED DRUG CARRIERS 

LINKAGE 
HYDROLYSED 

5-amino-
salicylic 

acid 

Azo conjugates 
Sulphapyridine 

Glycine 

Azo linkage 
Azo linkage 

Amide linkage 
Dexamethasone Saccharide carriers Glycosidic linkage 

Salicylic acid 
Amino acid conjugates 
Tyrosine/ Methionine 

Amide linkage 
Amide linkage 

CONCLUSION 

Prodrugs definitely will succeed their way in novel drug 
delivery systems and address the need for precise 
targeting and efficient delivery of various drugs and 
therapeutics. The understanding of continued advances in 
nanotechnology, cellular mechanisms, material science, 
and engineering will continue to drive innovation in this 
field. Because of its potential to give the highest efficacy 
of drugs with minimal adverse effects, site-specific drug 
delivery i.e., targeting by the prodrugs is one of the 
biggest goals currently challenging the pharmaceutical 
and formulation scientists. The future potential of 
prodrugs is very immense, enabling multimechanistic 
drug targeting approaches, and it may prove to be the 
legendary “magic bullet” for delivery of therapeutics. The 
systems understanding of the delivery scientist combined 
with the innovative thinking of the medicinal chemist and 
the cellular understanding of the biologist will conjure up 
imaginative solutions to therapeutic problems. 
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