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Introduction: The molecular revolution greatly impacted the field of drug
design and delivery in general, and the utilization of the prodrug approach
in particular. The increasing understanding of membrane transporters has
promoted a novel ‘targeted-prodrug’ approach utilizing carrier-mediated
transport to increase intestinal permeability, as well as specific enzymes to
promote activation to the parent drug.

Areas covered: This article provides the reader with a concise overview of this
modern approach to prodrug design. Targeting the oligopeptide transporter
PEPT1 for absorption and the serine hydrolase valacyclovirase for activation
will be presented as examples for the successful utilization of this approach.
Additionally, the use of computational approaches, such as DFT and ab initio
molecular orbital methods, in modern prodrugs design will be discussed.
Expert opinion: Overall, in the coming years, more and more information will
undoubtedly become available regarding intestinal transporters and poten-
tial enzymes that may be exploited for the targeted modern prodrug
approach. Hence, the concept of prodrug design can no longer be viewed
as merely a chemical ‘modification to solve problems associated with
parent compounds. Rather, it opens promising opportunities for precise
and efficient drug delivery, as well as enhancement of treatment options
and therapeutic efficacy.

Keywords: DFT and ab initio calculations, membrane transporters, molecular
biopharmaceutics, passive/active intestinal permeability, prodrug activation,

targeted prodrug approach
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1. Introduction

Prodrugs are bioreversible derivatives of drug molecules designed to overcome
pharmaceutical, pharmacokinetic or pharmacodynamic barriers such as low oral
absorption, lack of site specificity, insufficient chemical stability, poor solubility,
toxicity, unacceptable taste/odor, etc. The prodrug approach becomes more and
more popular and successful; to date, around 10% of all world’s marketed medica-
tions are prodrugs, 20% of all small molecular medicines approved between 2000
and 2008 were prodrugs and when focusing on 2008 approved drugs, it emerges
that over 30% of them were prodrugs [1.2].

During the past decade, the pharmaceutical sciences have undergone a molecular
revolution; no longer relying on empirical fitting based on plasma levels, the
modern ADME (absorption, distribution, metabolism and excretion) research con-
siders molecular/cellular factors, for example, membrane influx/efflux transporters
and cellular protein expression and distribution. This molecular revolution brought
a great impact on the field of drug design and delivery in general, and the utilization
of the prodrug approach in particular, as will be highlighted in this paper.
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Article highlights.

» While the traditional prodrug approach was focused on
altering various physiochemical parameters, e.g.,
lipophilicity and charge state, the modern approach
considers molecular/cellular factors such as membrane
influx/efflux transporters and cellular protein expression
and distribution.

« Targeting PEPT1 for enhanced intestinal absorption is an

example for successful utilization of this modern

approach to prodrug design; significant enhanced
absorption was demonstrated for amino acid, dipeptide
and tripeptide prodrugs of various drugs.

Prodrugs designed to target MCT1, ASBT and other

intestinal transporters have also been shown useful in

enhancing the absorption of parent drugs with
unfavorable drug-like properties.

e The activation step (i.e. the liberation of the parent
drug) is essentially the unique and one of the most
critical processes for a prodrug to exert therapeutic
effect; rational activating-enzyme targeted design is a
significant advantage of the modern approach to
prodrug design.

« Targeting the serine hydrolase valacyclovirase for
activation is an example for successful utilization of this
modern approach to prodrug design.

e The ‘double-targeted’ approach, in which both

transporters for permeability and enzymes for activation

are accounted for, has been shown to be a promising
direction to exploit the molecular revolution in oral drug
delivery.

Computational approach using different molecular

orbital methods such as DFT and ab initio could provide

a stepping stone for the modern design of prodrugs.

e In the coming years, as more and more information
becomes available regarding intestinal transporters and
potential activating enzymes, exploiting these for the
targeted modern prodrug approach represents an
important future direction that will significantly advance
the field.

This box summarizes key points contained in the article.

Increasing the intestinal absorption following oral adminis-
tration is the most frequent rational for prodrug design. To
improve oral absorption, a classic prodrug approach can be
adopted to mask charged/polar moieties and enhance drug
lipophilicity and passive diffusion. This may be achieved by
various carboxylic acid esters, which release the active carboxylic
acid after hydrolysis [3]. In recent years, the understanding
of membrane transporters has promoted a novel ‘targeted-
prodrug’ approach utilizing carrier-mediated transport to
increase intestinal permeability. Certainly, this type of approach
requires substantial knowledge of the molecular and function
characteristics of these membrane transporters.

Prodrugs must be converted to the active parent drug to exert
the therapeutic effect. This activation process is not necessary to
be specific; however, a good understanding of the possible
activating enzymes will help the rational design of successful
prodrugs. By considering enzyme-substrate specificity, it is

possible to overcome poor site specificity, leading to the desired
higher efficacy accompanied by lower toxicity.

Additional modern approach in prodrug design that will be
discussed in this paper is the design of prodrugs based on
intramolecular processes utilizing molecular orbital methods
and correlations between experimental and calculated values.
In this report, the authors will present the concepts of modern
(vs traditional) biopharmaceutical approach to orally adminis-
tered prodrugs. They will discuss the new opportunities that
the continuous advancement in related fields, for example,
molecular and computational biology, brings to the field of
oral drug delivery via prodrug.

2. Targeting transporters in prodrug design

The classical approach for prodrug design uses the non-specific
strategy of covalently modifying the drug of interest by attaching
hydrophilic functionalities (e.g., phosphate) to increase the
solubility in the aqueous gastrointestinal (GI) milieu [4-6], or
lipophilic moieties (e.g., ester) to increase the passive permeabi-
lity through the GI wall [7-9]. On the other hand, the molecular
revolution enabled more sophisticated strategies to prodrug
design to emerge, in which pro-moieties are covalently attached
to the molecule of interest to selectively target certain membrane
transporters and enzymes. This modern strategy offers a remark-
able potential for improving drug bioavailability and selectivity
of poorly absorbed drug molecules [10,11].

The recent advances in biochemistry and molecular bio-
logy have delivered a lot of information on the function and
expression of transporters and enzymes. Many transporters
are expressed on the intestinal enterocytes that may be selec-
tively targeted. These include the organic anion transporter
(OAT) family (121, organic cation transporter (OCT)
family (1314, sodium-dependent bile acid transporter
(ASBT) family [15], sodium-dependent glucose transporter
(SGLT) family [16], monocarboxylate transporter (MCT)
family [(17.18), amino acid transporter PATI [19.20],
amino acid transporter ATB®* [21,22), folate transporter
(PCFT) [23.24] and oligopeptide transporter (PEPT1) [25-28].
These transporters have been extensively characterized, and
have been shown to play important roles in the absorption
of certain nutrients and drugs [29-32]. Since significant infor-
mation is available on the substrate specificity of these trans-
porters, drug moieties could be chemically modified to
enhance their oral absorption via targeting intestinal trans-
porters. Of all the intestinal transporters, PEPT1 has captured
the greatest attention as a drug transport pathway, mainly due
to wide distribution throughout the entire small intestine,
broad substrate specificity and high capacity. PEPTI1 is
characterized as a high-capacity low-affinity transporter,
predominantly expressed in the small intestine, and accepts
dipeptides, tripeptides and peptidomimetic drugs such as
B-lactam antibiotics and angiotensin-converting enzyme
(ACE) inhibitors [2733]. Thus, PEPT1-targeted prodrugs
may be a most promising strategy for oral drug delivery.
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Figure 1. Molecular structure of zanamivir and its -valyl prodrug (A), and the permeability of zanamivir and its amino acids
prodrug across Caco-2 monolayers (B), and in the single-pass rat jejunal perfusion method (C).
Reproduced from [37] with permission. Copyright (2003) American Chemical Society.

Zanamivir and oseltamivir are the two Food and Drug
Administration (FDA) approved neuraminidase inhibitors for
the treatment of influenza infection. Oseltamivir (Tamiflu®)
is a carboxylic acid ester that may represent a successful example
for the ‘traditional’ approach for prodrug design. The very low
oral bioavailability (> 5%) of oseltamivir carboxylate increased
to approximately 80% for oseltamivir in humans (34. While
incidences of resistance against oseltamivir have been reported
in the literature (35], there are no such reports with zanamivir
to date. However, the polar nature of zanamivir results in
very low oral bioavailability (~ 2%) for this clinically important
compound [36]. A modern prodrug approach was taken in
trying to improve zanamivir’s absorption following oral admin-
istration, targeting PEPT1 for carrier-mediated transport [37).
For this purpose, a series of acyloxy ester prodrugs of zanamivir
conjugated with amino acids were synthesized and characte-
rized for chemical stability, membrane transport and enzymatic
activation. In comparison with zanamivir, the L-valyl prodrug
of zanamivir showed threefold higher uptake by PEPT1 over-
expressing cells, indicating recognition between the prodrug
and the transporter. Subsequent intestinal permeability studies
of zanamivir’s L-valyl and other amino acid prodrugs compared
with the parent drug in Caco-2 transepithelial experiments
and in the rat jejunal perfusion model confirmed that this
mechanistic targeted prodrug strategy significantly improves
the intestinal epithelial cell permeability of zanamivir
(Figure 1) [37). Since no oral delivery route of zanamivir
currently exists [38], despite the high clinical importance of

this drug in fighting the common seasonal flu as well as the
recent HINT global pandemic [39], this work demonstrates
that the modern approach for prodrug design has the potential
to provide the high oral bioavailability necessary for oral
zanamivir therapy, and hence to enable new treatment options.

Since amino acid ester prodrugs have been found to be sub-
strates for PEPT'1, a variety of amino acid, dipeptide and tripep-
tide prodrugs have been investigated for their suitability as
substrates for PEPT1. These include the anticancer agent
floxuridine [40-42], the antiviral agents acyclovir, gancyclovir
and zidovudine [4344], the anticancer agents melphalan [45] and
gemcitabine [46], the antihypotensive agent midodrine [47], the
antiosteoporotic agent alendronate [48] and others. These studies
have assured that mono amino acid and dipeptide ester prodrugs
generally provide enhanced PEPT1-mediated transport, and as a
result, improved oral absorption and bioavailability.

Targeting of monocarboxylate transporter type 1 (MCT1)
has also been shown to result in enhanced intestinal pro-
drug/drug absorption. MCT1, a low-affinity high-capacity
transporter that transports unbranched aliphatic monocarbox-
ylates, is widely expressed along the entire intestinal tract [49].
XP13512 is a carbamate prodrug of the GABA analog
gabapentin; since gabapentin suffers from many poor phar-
macokinetic properties including high variability, saturable
absorption and lack of dose proportionality, an efficient
prodrug may allow significantly better drug-like properties.
It has been shown that following oral administration
of XP13512 the systemic bioavailability of gabapentin was
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dramatically increased in preclinical [s0] and clinical [51)
studies, including dose proportionality, while MCTT plays a
significant role in this improvement [50,52].

Additional transporter that was exploited as a potential
target for improved absorption of prodrugs is the ASBT [15],
and significantly improved absorption of the antiviral agent
acyclovir (53] and the GABA analog gabapentin [54] have
been reported. Other transporters have also been targeted, as
noted above. Overall, this modern approach for oral prodrug
design allows a more mechanistic and intelligent strategy to
enable increased intestinal absorption of poorly permeable
compounds. Since intestinal permeability is, alongside the
drug solubility, the most important factors governing drug
absorption following oral administration [55-58], the improved
permeability achieved by this approach may enhance drug-
like properties and ‘developability’ (59,60, thereby allowing
new orally administered treatment options.

3. Targeting enzymes in prodrug design

After absorption, a subsequent essential step in effective prodrug
therapy is the activation (hydrolysis) of the prodrug to the active
therapeutic agent. The most important enzymes involved in the
bioconversion of ester-based prodrugs include paraoxonase,
carboxylesterase, acetylcholinesterase and cholinesterase [61-63].
However, in the classical/traditional approach for prodrug
design, the activation mechanism was often overlooked, and
as long as the parent drug could be regenerated, the activation
was considered successful, and the enzymes responsible for
this activation did not capture much further attention. As noted
above, the activation process is not necessary to be specific, yet a
good knowledge of the activating enzyme/s will help to ratio-
nally design successful prodrugs. Hence, the identification of
enzymes responsible for activating different classes of prodrugs,
particularly in humans, can provide important new targets for
the design of more effective therapeutic agents.

Valacyclovir is the 5’-valyl ester prodrug of the antiviral
drug acyclovir. Valacyclovir increased the oral bioavailability
of its parent drug acyclovir by three- to fivefold (64]. This
improved absorption provided by the prodrug has been
shown to be attributable to carrier-mediated intestinal trans-
port of the prodrug via hPEPT1 [4365]. As such, valacyclovir
represents a successful example for the modern transporter-
targeted prodrug approach. However, the efficiency of
valacyclovir as an antiviral drug relies also on the rapid
in vivo conversion of valacyclovir to acyclovir. Given the
importance of nucleoside analogs in pharmacotherapy, the
identification of the activation mechanism/s of valacyclovir
was of high significance. At first, it has been shown in several
studies that enzymatic (rather than chemical) hydrolysis of
valacyclovir is the predominant 7z vive activation mechanism
in rats, primates and humans [66-68]. Moreover, valacyclovir
was found to be relatively stable in the GI milieu, accom-
panied by high susceptibility to intracellular enzymatic
hydrolysis [69]. Also, Burnette et al. purified and sequenced

several peptide fragments of the major polypeptide hydroly-
zing valacyclovir from a purified preparation of a putative
novel protein from rat liver [70. However, in 2003,
Kim et al. succeeded to purify, identify and characterize the
human enzyme that activates valacyclovir to acyclovir, named
valacyclovirase, a serine hydrolase containing a catalytic triad
S122-H255-D227 (71,72). Further characterization studies
have found that valacyclovirase is one of the primary enzymes
activating amino acid ester prodrug, with high and specific
preference for amino acid esters as substrates that is attributed
to the critical residue D123 forming electrostatic interaction
with the o-amino group of substrates. Valacyclovirase con-
tains a large leaving group accommodating groove, which
accommodates various leaving groups including nucleoside
analogs, as well as simple alcohols such as methanol, ethanol
and benzyl alcohol [61,73-76].

As opposed to the traditional low attention the activation
step used to receive, it is essentially the unique and one of
the most critical processes for a prodrug to exert therapeutic
effect. If the activating enzyme/s are identified, it will be
possible to design prodrugs to target these enzymes, which
will significantly increase the chances for the effective produc-
tion of the active parent drug. Although the amino acid ester
prodrug strategy has been applied to many nucleoside analogs
and was successful in improving oral absorption by targeting
PEPT1, the activation step of these prodrugs was not well
studied and was considered to be non-specific until the
identification of valacyclovirase. This was further exploited
as will be presented hereinafter.

The positively charged (in physiological pH) guanidino
functionality is well known for its important biological roles
in vivo; many biologically active receptors show affinity for
the L-arginine residue attributable to strong electrostatic inter-
action between the positively charged guanidino group and
the negatively charged carboxylate in the active site of the
receptor. Hence, when rationally designing an inhibitor,
the guanidine functionality is frequently selected to mimic
the arginine residue of the endogenous substrate and
secure the affinity of the drug to the target [77). Guanidino-
containing drug molecules include the antidiabetic drug
metformin, the Hj-receptor antagonist famotidine, the
aminoglycoside antibiotic drug streptomycin, the anticoagu-
lant thrombin inhibitor argatroban and others. However,
guanidino-containing compounds are frequently associated
with low oral bioavailability; inherent polarity and positive
charge in the GI tract make it difficult for them to be orally
absorbed by passive diffusion. For instance, while the classical
approach for prodrug design was successful in enhancing the
oral absorption of oseltamivir carboxylate by making the
simple ethyl ester, this strategy failed when applied for its
guanidine analog, guanidino oseltamivir carboxylate [7s].
Several other attempts to mask the guanidino group by
classical prodrugs can be found in the literature, with
varying degrees of success [79-82. The modern prodrug
approach, targeting PEPT1 for intestinal transport, may
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Figure 2. lllustration of the ‘double-targeted’ prodrug approach, accounting for both transport via PEPT1 and activation via

valacyclovirase.
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Figure 3. Molecular structure of zanamivir and its .-valyl prodrug (A), and the permeability of zanamivir and its amino acids
prodrug across Caco-2 monolayers (B), and in the single-pass rat jejunal perfusion method (C).
Reproduced from [83] with permission. Copyright (2008) American Chemical Society.

be a promising strategy to increase the oral absorption of
guanidino-containing molecules.

A unique approach was taken to evaluate the feasibility of
this strategy, the double-targeted prodrug approach. In this
approach, both transport and activation processes are
accounted for, already at the inidal prodrug design stage
(Figure 2). A series of amino acid esters of a model

guanidine-containing compound, [3-(hydroxymethyl)phe-
nyl]guanidine (3-HPG), was synthesized and evaluated for
both transport and activation (7683]. Compared with the
parent molecule, the valine and the isoleucine esters exhibited
a significant increased Caco-2 and rat intestinal permeability
that was shown to be mediated by PEPT1 (Figure 3). Remark-
ably, these L-amino acid prodrugs of 3-HPG were shown to
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Figure 5. Chemical structures for seven of Kirby’s maleamic acid amides 1 - 7.

be effectively activated by valacyclovirase, with K, values in
the range of the positive control valacyclovir, thereby libe-
rating the parent moiety (83]. At the same time, the possibility
that other enzymes can also contribute to the activation of
amino acid ester prodrugs cannot be ruled out. These novel
studies, in which both transport and activation processes are
taken into consideration already at the earliest stages, repre-
sent the next step in the modern approach to drug delivery
using prodrugs, which may greatly minimize the empirical
elements of the development and hence may result in better
products with more predictable performance in comparison
with the current practice.

In an additional example, the authors have designed a novel
type of prodrugs, substituting the s7-2 positioned fatty acid of
a phospholipid by the non-steroidal anti-inflammatory drug
indomethacin, through a linker [s4-88]. Physiologically, the sn-2
positioned fatty acid is cleaved by the enzyme phospholipase
A, (PLA,), liberating a free fatty acid and a lysophospholipid
as the lipolysis products. The substitution of the s7-2 positioned
fatty acid by a drug moiety, hence, was designed to target PLA,
as the activating enzyme for this class of prodrugs. Although it
was reported that PLA, strictly requires a fatty acid at the s7-2
positioned [89], it was found that, depending on the number of
carbons in the linker, PLA, was able to recognize and activate
the phospholipidic prodrugs of indomethacin: in vitro incuba-
tion of the prodrug with the 5-carbon linker with the enzyme
showed 60% activation, while shorter linkers were significantly
less susceptible for activation by PLA, [84]. Subsequent iz vivo
investigations in rats revealed that following oral administration
there was no absorption of the intact prodrugs, however, the
prodrug with the 5-carbon linker was continuously activated
by PLA, throughout the intestinal tract, resulting in a controlled
release profile of the liberated free indomethacin in the systemic

circulation [84]. This research shows the advantage of rational
activating-enzyme targeted design of prodrugs, which mini-
mizes the empirical elements of the activation process, and
allows to better control the liberation of the free active drug
moiety from the intact prodrug.

4. The use of computational approaches in
modern prodrugs design

The use of computational methods for calculating molecular
and physicochemical properties has been perennial goal
of pharmaceutical, organic and inorganic chemists alike.
Energy-based calculations on biological relevance structures
that have pharmaceutical interest are a great challenge. Today,
quantum mechanics such as @b initio, semi-empirical and
density functional theory (DFT) and molecular mechanics
are accepted widely as an efficient tools to provide structure-
energy calculations to be exploited for the prediction of
potential important drugs and prodrugs alike [90].

Ab initio quantum mechanics is based on a rigorous treat-
ment of the Schrodinger equation with some number of
approximations. The use of ab initio methods is restricted to
systems having less than 30 atoms due to the extreme cost
of computation time [91. On the other hand, the semi-
empirical methods (MINDO, MNDO, MINDO/3, AMI,
PM3 and SAMI) that are based on Schrodinger equation
with the addition of terms and parameters to fit experimental
data have provided a plenty of information for practical appli-
cation [92]. DFT is also a semi-empirical method widely used
to calculate structures and energies for medium-sized systems
of biological and pharmaceutical interest, and it is not
restricted to the second row of the periodic table [93]. Unlike
quantum mechanics, molecular mechanics which is a
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mathematical approach used for the prediction of structures,
energy, dipole moment and other physical properties is able
to handle many diverse biological and chemical systems such
as proteins, large crystal structures and a relatively large sol-
vated systems, however, this method is limited by the determi-
nation of parameters such as the vast number of unique
torsion angles present in structurally diverse moieties [94].

These modern computational methods can be used for
an intelligent design of innovative prodrugs. For example,
mechanisms of some intramolecular processes that have been
utilized for better understanding of enzyme catalysis have been
recently investigated and exploited for the design of novel pro-
drug linkers [95-97). Using molecular mechanics, DFT and a6
initio methods, various intramolecular processes were studied
in order to assign the factors affecting the rate-determining
step and playing dominant roles in governing the process rate.
These processes include: i) proton transfer between two oxygens
in Kirby’s acetals (Figure 4) [97], and proton transfer between
nitrogen and oxygen in Kirby’s enzyme models [98]; ii) intramo-
lecular acid-catalyzed hydrolysis in some of Kirby’s maleamic
acid amide derivatives (Figure 5) [99] and iii) proton transfer
between two oxygens in rigid systems as investigated by
Menger [95]. These studies have revealed the following conclu-
sions: i) rate accelerations in intramolecular processes are a
result of both entropy and enthalpy effects in intramolecular
cyclization processes where enthalpic effects were predominant,
steric effects was the driving force for the accelerations, whereas
proximity orientation was the determining factor in the cases of
proton transfer reactions; ii) the distance between the two
reacting centers is the main factor determining whether the
reaction type is intermolecular or intramolecular. In the cases
by which the distance exceeded 3 A, an intermolecular engage-
ment was preferred due to involvement of a water molecule (sol-
vent) whereas, an intramolecular engagement prevailed when
the distance between the electrophile and nucleophile was less
than 3 A and iii) the efficiency of proton transfer between two
oxygens and between nitrogen and oxygen in Kirby’s enzyme
models is attributed to a relatively strong hydrogen bonding
developed in the products and the transiton states leading
to them.

It was concluded from the studies on intramolecularity that
there is a crucial necessity to investigate the reaction mechanism
for assigning the factors determining the reaction rate for a
better design of an efficient chemical device to be exploited as
prodrug linker and to have the potential to chemically (not
enzymatically) liberate the active drug in a programmable
(controlled) manner. For example, the mechanism for the pro-
ton transfer in Kirby’s acetals were explored (97,98 and directed
the synthesis of novel prodrugs of aza-nucleosides for the treat-
ment of myelodysplastic syndromes where the prodrug linker is
attached to the hydroxyl group of the nucleoside (Figure 6) [100].
The prodrugs were designed such that they will undergo cleav-
age reactions in physiological environments such as stomach at
pH 1.5, intestine at pH 6.5 or/and blood circulation at pH 7.4,
with rates that are solely dependent on the structural features of

the pharmacologically inactive linker. Different linkers were
also investigated for the design of large number of prodrugs
such as anti-Parkinson (dopamine) [101], anti-viral (acyclo-
vir) [102] and anti-malarial (atovaquone) (98] (Figure 6) that
might be efficient in releasing the parental drugs in various rates
that are dependent on the nature or the structural features of the
linkers and provide new novel prodrugs that might have the
potential to be with enhanced dissolution and membrane
penetration and hence better bioavailability. These examples
highlight the great potential and impact that modern compu-
tational approaches for prodrug design may have when
appropriately exploited.

5. Expert opinion

For many years, the prodrug approach in general used to be
viewed as a last option strategy, almost an act of desperation
after all other possible solutions exhausted; this is no longer
the case. In fact, taking the prodrug approach should be con-
sidered very early on in the development process. Indeed, as
noted above, the prodrug approach becomes more and more
popular and successful.

The molecular revolution has significantly changed the
pharmaceutical sciences in general, and the way the prodrug
approach is used in particular. While the classic prodrug
approach was focused on altering various physiochemical
parameters, for example, lipophilicity and charge state, the
modern approach considers molecular/cellular factors, for
example, membrane influx/efflux transporters and cellular
protein expression and distribution. An  priori mechanistic
design that aims to enable absorption by specific transports,
as well as activation by specific enzymes, may greatly improve
the process efficiency, and allow for novel oral treatment
options. Minimizing the empirical elements by taking the
targeted prodrug approach promotes an intelligent and
powerful process, as the outcomes may be significantly more
predictable; knowledge of the prodrug activating enzyme(s)
in preclinical animals and their counterpart(s) in human
may improve the translation of preclinical data to clinical trial
design, potentially speeding the prodrug development process
and lowering its cost. In addition, good knowledge of the
transporter(s) and enzyme(s) involved in the absorption and
activation may allow to predict and recognize potential
competition-based drug-drug interactions. A critical aspect
that was not covered in this paper is the site-specific targeting
potential; a prodrug designed to be activated by a specific
enzyme that is overexpressed in the target site may allow to
target the free drug to the site of action, resulting in improved
efficacy and reduced toxicity.

The computational approach using different molecular
orbital methods such as DFT presented in this paper could
provide a stepping stone for the design of linkers to be conju-
gated to drugs with poor bioavailability to furnish pharmaceu-
tical devices with a potential to release the parent drug in slow
release manner and to improve their bioavailability. Based on
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such results in the field thus far, a few innovative prodrugs
were synthesized, that were kinetically studied and their
in vitro kinetics results promise a breakthrough in this field.
Hence, the authors posit that the great potential and impact
that modern computational approaches for prodrug design
carry will be increasingly recognized and exploited, leading
to a significant step forward in the field.

Overall, in the coming years, more and more information
will undoubtedly become available regarding intestinal trans-
porters and potential enzymes that may be exploited for the
targeted modern prodrug approach. Hence, the concept of pro-
drug design can no longer be viewed as merely a chemical
modification to solve problems associated with parent com-
pounds. Rather, it opens promising opportunities for precise
and efficient drug delivery, as well as enhancement of treatment
options and therapeutic efficacy. In authors” opinion, the novel

‘double-targeted’” approach presented above, in which both
transporters for intestinal permeability and enzymes for activa-
tion are accounted for, represents the direction for significant
exploitation of the molecular revolution in oral drug delivery
via prodrugs. Considerably, the simultaneous utilization of all
three approaches described in this paper, that is, using the
computational approaches for rational design that will allow
targeting of a prodrug to a certain transporter for enhanced
absorption followed by targeting an enzyme for enhanced/
predicted activation, represents an important future direction
that will significantly advance the field.
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