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Abstract: Certain xenobiotics are given in the “prodrug” form. Either the human body, or one compartment of the body, 

or the targeted virus itself metabolizes the prodrug into its active form. The bioprecursor form of drugs is used for a wide 

variety of reasons, namely: to make drug penetration into the target organ (mainly to the brain through the blood-brain-

barrier) possible, eliminate unpleasant taste, alter (either increasing or decreasing) the half life of the active component or 

supply more than one active components to the body. 
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INTRODUCTION 

 The overwhelming majority of antiviral/anticancer drugs 
gives their medicinal effects as they are taken [1-5]. How-
ever, a small percentage of xenobiotics are given in the “pro-
drug” form. Specific attention to prodrugs was first given by 
Albert in 1958 [6] when he called a group of compounds 
prodrugs. Such pharmacologically inactive compounds are 
transformable into active forms by the mammalian organism. 
Harper [7] coined the word “drug latentiation” for com-
pounds that were specially designed for bioactivation. Drugs 
can thereby be divided into two essential classes: (1) hard 
drugs and (2) soft drugs. Hard drugs are the compounds that 
possess all structural characteristics of their pharmacological 
activity in the body and are not susceptible to metabolic 
transformation before they become active. Alteration of their 
pharmacological response is thereby avoided, including in-
creasing/decreasing their effect, and production of any toxic 
metabolites. Hard drugs are especially preferred in the treat-
ment of elderly patients who also take several other drugs 
that may either induce or inhibit their cytochrome P-450 
system. Soft drugs are active compounds and their metabo-
lism is designated to yield non-toxic products.  

 Prodrugs should be converted into their active forms by 
metabolic processes such as aliphatic oxidation, N-
dealkylation, etc. A usual way of prodrug preparation is link-
ing the drug to a metabolically labile carrier-like compound, 
these types of compounds are called carrier-linked prodrugs. 
Carrier-linked prodrugs are used to increase either lipid or  
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water solubility, or even site-directed drug delivery. Carrier-
linked prodrugs are designed for one or more of the follow-
ing, increasing absorption, alleviation of pain at the site of 
parenteral administration, or elimination of unpleasant taste. 
An example of this phenomenon is the administration of 
chloramphenicol in form of chloramphenicol succinate, a 
water-soluble ester that can be given intravenously (i.v.) but 
has no antibacterial activity. After i.v. administration of 
chloramphenicol succinate, it hydrolyses, releasing active 
chloramphenicol [8]. Another type of prodrugs is called 
“Prodrugs of functional groups” (PFG) [8]. The most fre-
quently applied PFG-type prodrug construction is when an 
ester linkage is produced between the real drug entity and the 
modifying substituent. An essential part of drugs contains 
either carboxylic or alcoholic or both functional groups, the 
variety is therefore wide. The metabolic system of the body 
has an esterase enzyme, which helps in the generation of the 
active drug. Certain other cases include amine functional 
groups to be converted either into amide-, or azo-linkage. 
Amino groups are often incorporated to give a peptide link-
age which converts the prodrug into an amide. The lack of 
amidase enzyme would make amides to be stable compo-
nents. Moreover, the peptide linkage is easily cleaved by 
specific peptidase enzymes and uptake of certain peptides 
can be facilitated by amino acid transporter. The production 
of a carbonyl compound does occur sometimes but quite 
uncommon. At the same time, the oxidative transformation 
of drugs by the help of cytochrome P-450 system is a com-
mon metabolic step. Aliphatic or aromatic hydroxylation, N-, 
O- and S-dealkylation, etc. are also associated with cyto-
chrome P-450.  

 Based on the functional part of prodrugs, either the active 
drug is attached to a carrier that generally does not have any 
real pharmacological function, or a latent part of the prodrug 



Phosphate Conjugation to Anticancer/Antiviral Prodrugs Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 9    823 

is converted into the active form. This conversion is often 
done by oxidation, reduction and even by phosphorylation. 

 Phosphorylation is a common function of the body 
through its own biochemical pathway, however, metabolic 
phosphorylation is an odd reaction in pharmacology. It is 
somehow missing from the metabolic alterations enlisted in 
the books of pharmacology [1-4]. At the same time, there are 
several prodrugs that are activated by phosphorylation (Table 
1). For the last two decades generations of monophosphates, 
diphosphates and triphosphates have become evident. The 
conversion is called anabolic phosphorylation. There are 
several antiviral and/or anticancer drugs that are activated by 
the attachment of phosphates to their free hydroxyl groups 
(abacavir (1), acyclovir (4), cladribine (18), didanosine (20), 
emtricitabine (22), ganciclovir (29), gemcitabine (32), lami-
vudine (35), penciclovir (37), ribavirin (38), stavudine (40), 
zalcitabine (50), zidovudine (52) or the existing one phos-
phate is completed with further phosphates (adefovir (6), 
cidofovir (15)). In some cases, hydrolysis should make the 
hydroxyl group free, which is then subjected to phosphate 
conjugation, either to the free aliphatic hydroxyl group (fam-
ciclovir (24), tenofovir (45), valaciclovir (48), valganciclovir 
(49)) or to the free hydroxyl of the monophosphate (adefovir 
(6)). The activation of fludarabine (26) is considered to have 
a dephosphorylation step first, and then a triple phosphoryla-
tion to an active triphosphate. 

 The aim of this paper is to give details of medicinal 
chemistry of prodrugs enzymatically phosphorylated by viral 
enzyme systems and/or cancer cells (Table 1). This enzy-
matic attachment of phosphate (phosphate conjugation) is 
not entirely restricted to either viruses or cancer cells, how-
ever, healthy human cells do not have the ability for phos-
phate conjugation or they have only limited capacity. How-
ever, even this limited capacity can cause serious side ef-
fects.  

EXPERIMENTAL 

 Calculation of logP was done using the Pallas program of 
CompuDrug Inc. Since the other fragment set does not con-
tain data for phosphates, only one part of logP (using CDI-
Rekker method) could be calculated.  

DETAILED DISCUSSION 

 Abacavir (ABC) (1) is considered the most powerful 
analogue of nucleoside reverse transcriptase inhibitor 
(NRTI) used for the treatment of HIV and AIDS [1-5]. 
Abacavir can be used in combination with other antire-
troviral agents. Abacavir (1) is chemically a carbocyclic syn-
thetic nucleoside analogue, which intracellularly is enzy-
matically converted to the active metabolite: carbovir-5’-
triphosphate (2), an analogue of deoxyguanosine-5'-
triphosphate (dGTP) (3). Carbovir-5’-triphosphate (2) inhib-
its the activity of HIV-1 reverse transcriptase (RT) by com-
peting with the natural substrate dGTP (3) in its incorpora-
tion into viral DNA. FDA approval for the treatment of HIV 
infection was in 1998 [5, 55]. 

 Aciclovir (INN) (4) or acyclovir (USAN) is indicated in 
the treatment and management of herpes zoster (shingles), 
genital herpes, and chickenpox. Acyclovir (4) is converted to 

its triphosphate form in three steps. Conversion of acyclovir 
to its -5’-monophosphate, -5’-diphosphate and -5’-
triphosphate (5) formations is carried out by thymidine 
kinase, cellular guanylate kinase and pyruvate kinase, re-
spectively. The fact that acyclovir-5’- triphosphate is an ana-
logue of deoxyguanosine-5’-triphosphate (dGTP) (3), allows 
both to compete for incorporation into viral DNA. Acy-
clovir-5’-triphosphate (5) has approximately 100 times 
greater affinity for viral than cellular polymerase. FDA ap-
proval for acyclovir (4) as an antiviral agent was in 1982 [5, 
55]. 

 Adefovir dipivoxil (6) is a prodrug of adefovir and also 
of adefovir diphosphate (7). The first step in its metabolism 
is the hydrolysis of dipivoxil and attachment of two phos-
phate groups by cellular kinases to build up adefovir diphos-
phate (7), which contains a three phosphate moiety, the 
original one plus two additional phosphate units [5]. Elimi-
nation half life of adefovir dipivoxil is 7.5 h. Adefovir 
diphosphate (7) is able to inhibit hepatitis B virus (HBV) 
DNA polymerase by competition with the natural deoxy-
adenosine-5’-triphosphate (8). The main benefit of adefovir 
(6) (in comparison to lamivudine (35)) is that it takes a long 
period of time before the hepatitis B virus develops 
resistance to it. FDA approval for use in the treatment of 
hepatitis B was granted on September 20, 2002. 

 Capecitabine (9) is an orally administered chemothera-
peutic agent used in the treatment of metastatic breast and 
colorectal cancers. Capecitabine is selectively metabolized in 
tumour cells to 5-fluorouracil (5-FU) (10) The first step is 
that capecitabine is subjected to carboxylesterase to form 5’-
deoxy-5-fluorocytidine (5’-DFCR), then 5’-DFCR is sub-
jected to cytidine deaminase to be converted to 5’-deoxy-5-
fluorouridine (5’DFUR) which is converted to 5-FU (10) by 
thymidine phosphorylase.  

 5-Fluorouracil (10) injection is indicated in the pallia-
tive management of some types of cancer, including that of 
colon, rectum, breast, stomach and pancreas. 5-Fluorouracil 
(10) is also used topically (as a cream) for treating actinic 
keratoses and some types of basal cell carcinomas of the skin 
and warts. The elimination half life of capecitabine (9) and 
5-fluorouracil (10) is 38-45 min and 10-20 min, respectively. 
5-fluorouracil (10) is further metabolized and gives two ac-
tive metabolites: 5-fluoro-2-deoxyuridine monophosphate 
(FdUMP) (11) and 5-fluorouridine triphosphate (FUTP) 
(13). FdUMP and the folate cofactor bind to thymidylate 
synthase inhibiting the formation of thymidylate. As 
thymidylate is the required precursor of thymidine triphos-
phate (44), essential for the synthesis of DNA, capecitabine 
(9) inhibits cell division. Moreover, nuclear transcriptional 
enzymes can incorporate FUTP (13) at the site of UTP (14) 
during the synthesis of RNA. This mistakenly incorporated 
FUTP (13) makes a metabolic error to interfere with RNA 
processing and protein synthesis. Capecitabine (9) is FDA-
approved as adjuvant in stage III colorectal cancer; 
metastatic colorectal cancer. It is used as a first line 
monotherapy in metastatic breast cancer or combined with 
docetaxel, in anthracycline-resistant cases.  

 Cidofovir (15) is a new antiviral drug used in the treat-
ment of herpes and cytomegalovirus (CMV) retinitis in 
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Table 1. Name, Chemical Structure, References to HPLC and that of Capillary Electrophoresis, Calculated Lipophilicity (logP) 
and Total Polar Surface Area (TPSA, Å2) of Prodrugs Activated by Phosphate Conjugation. Prodrugs (Bold), Phosphate 
Conjugates (Regular) and the nucleotides (italic) to be Substituted/Displaced 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Abacavir (1) 

N

N N

N

NH

H2N

OH  

[9-21] [20, 22] 2.03 101.88 

Carbovir-5’-triphosphate (2) 

 

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

 

[21-24]  -4.47 222.67 

Deoxyguanosine triphosphate (3) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

HO

 

  -6.15 252.13 

Acyclovir (4)  

O

HN

N N

N

O

H2N

OH  

[25-29] [26] -1.47 114.76 

Acyclovir-triphosphte (5) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

 

[30]  -5.73 254.35 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Deoxyguanosine triphosphate (3) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

HO

 

  -6.15 252.13 

Adefovir dipivoxil (6) 

O

N

N N

N

O P O

O

O

NH2

O

O

O

O

H3C
CH3

CH3

H3C

CH3

CH3

 

[31]  1.48 166.98 

Adefovir diphosphate (7) 

O

N

N N

N

O P O P

O

O-

NH2

O

O

O-

P OH

O-

O  

[32]  -4.53 229.44 

Deoxyadenosine triphosphate (dATP) (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Capecitabine (9) 

HN

N

O

NH

O

CH3 O

F

O

HO

HO OH  

[34]  -0.01 120.69 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

5-Fluorouracil (10) 

HN

N
H

O

F

O
 

[35]  -0.89 58.20 

5-Fluoro-2’deoxyuridine-5’-monophosphate (11) 

HN

N

O

O

O
HO

O

P OH

O-

O

F

 

[35,36]  -3.05 145.63 

2’-Deoxyuridine-5’-monophosphate (12) 

HN

N

O

O

O
HO

O

P OH

O-

O  

  -3.28 145.63 

5-Fluorouridine triphosphate (FUTP) (13) 

O

N

HN

O

F

O

HO

HO

O P O P O P OH

O- O- O-

O O O  

[37]  -6.62 258.92 

Uridine-triphosphate (UTP) (14) 

O

N

HN

O

O

HO

HO

O P O P O P OH

O- O- O-

O O O  

  -6.85 258.92 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Cidofovir (15) 

N

N

O

P

NH2

O

OH

O-

O

OH

 

[38]  -4.46 145.68 

Cidofovir-diphosphate (16) 

N

N

O

P

NH2

O

O P O P OH

O- O- O-

O O O

OH

 

[39] 

 

 -7.52 238.74 

Deoxycitidine-5’-triphosphate (17) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O  

  -7.15 247.97 

Cladribine (18) 

O

N

N N

N

NH2

Cl

OHHO  

[40,41]  -0.96 119.31 

Cladribine triphosphate (CdATP) (19) 

O

N

N N

N

NH2

Cl

OHO P O P O P OH

O- O-O-

O O O  

[40]  -5.22 258.90 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Deoxyadenosine-5’-triphosphate, dATP (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Didanosine (20) 

O

N

N
H

N

N

OH

O

 

[13, 14, 16, 19, 20, 42-57] [20, 46, 58-

64], 

-1.80 88.74 

Dideoxyadenosine triphosphate (21) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

NH2

 

[42, 43, 51] [46] -4.86 228.33 

Deoxyadenosine-5’-triphosphate (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Emtricitabine (22) 

N

N

S

O

OH

NH2

O

F

 

[18, 19, 56, 57, 65]  -1.79 71.08 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Emtricitrabine-5’-triphosphate (23) 

N

N

S

O

O

NH2

O

P O P O P OH

O- O- O-

O O O

F

 

[18, 65]  -2.94 192.21 

Deoxycitidine-5’-triphosphate (17) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O  

  -6.56 247.64 

Famciclovir (24) 

N

N N

N

H2N

OO

O

H3C

O

H3C

 

[26, 66]  0.34 118.94 

Penciclovir-triphosphate (25) 

HN

N N

N

O

HO

O P O P O P OH

O O O

O- O- O-

HO

 

[25, 66]  -7.36 257.67 

Deoxyguanosine triphosphate (3) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

HO

 

  -6.15 252.13 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Fludarabine (26) 

O

N

N N

N

O P OH

O

O-

HO

NH2

F

HO

 

[67]  -2.78 176.84 

2-Fluoroarabine-5’-triphosphate (27) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

HO

F

 

[67]  -5.83 269.90 

5-Fluorouridine (28) 

O

N

HN

O

F

O

HO

HO

OH  

[67]  -2.37 119.33 

5-Fluorouridine-5’-triphosphate (13) 

O

N

HN

O

F

O

HO

HO

O P O P O P OH

O- O- O-

O O O  

[37, 67]  -6.62 

 

258.92 

Uridine-5’-triphosphate (14) 

O

N

HN

O

O

HO

HO

O P O P O P OH

O- O- O-

O O O  

  -6.85 258.92 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Gancyclovir (29) 

O

N

N
H

N

N

OHHO

O

H2N

 

[25-27, 29, 68]  -3.79 134.99 

Gancyclovir-diphosphate (30) 

O

N

N
H

N

N

OHO

O

H2N

P O P OH

O O

O- O-

 

[68]  -6.84 228.05 

Ganciclovir- triphosphate (31) 

O

N

N
H

N

N

OHO

O

H2N

P O P O

O O

O- O-

P OH

O

O-

 

[68]  -8.05 274.58 

Deoxyadenosine-5’-triphosphate (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Gemcitabine (32) 

N

N

O

HO OH

NH2

O

F

F

 

[23, 70]  -3.08 108.38 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Gemcitabine-5’-diphosphate (33) 

N

N

O

HO O

NH2

O

P O P OH

O- O-

O O

F

F

 

[23] 

 

 -6.14 201.44 

Gemcitabine-5’-triphosphate (34) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O

F

F

 

[23, 71]  -7.34 247.97 

Deoxycitidine-5’- triphosphate (17) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O  

  -7.15 247.97 

Lamivudine (35) 

N

N

S

O

OH

NH2

O

 

[16, 19, 20, 46, 49, 51, 54-57, 

72-86] 

[20, 87, 88] -2.31 88.15 

Lamivudine-5’-triphosphate (36) 

N

N

S

O

O

NH2

O

P O P O P OH

O- O- O-

O O O  

[23, 51, 89, 90]  -6.56 227.74 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Deoxycitidine-5’-triphosphate (17) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O  

  -6.06 227.74 

Penciclovir (37) 

HN

N N

N

O

HO

OHHO  

[25, 66]  -3.10 118.08 

Penciclovir-5’-triphosphate (38) 

HN

N N

N

O

HO

O P O P O P OH

O O O

O- O- O-

HO

 

[25, 66]  -7.36 257.67 

Deoxyguanosine-5’-phosphate (3) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

HO

 

  -6.15 252.13 

Ribavirin (38) 

O

N

N

N

HO

HO

H2N

O

OH  

[91, 92]  -4.64 143.72 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Ribavirin-5’-triphosphate (39) 

O

N

N

N

HO

HO

H2N

O

O P O P O P OH

O- O- O-

O O O  

[91]  -8.90 283.31 

Stavudine (40) 

O

N

HN

OH

O

O

CH3

 

[14, 19, 20, 45, 46, 49, 54-56, 

75, 77, 78, 80, 85, 86, 93] 

[59, 94-96] -0.82 78.87 

Valganciclovir (50) 

O

N

HN

O

O

O

CH3

P O P O P OH

O- O- O-

O O O  

[51] [46, 61] -5.08 218.46 

Deoxythymidine-5’-triphosphate (42) 

O

N

HN

O

O

O

CH3

P O P O P OH

O- O- O-

O O O

HO

 

  -4.64 218.46 

Telbivudin (43) 

O

N

HN

OH

O

O

CH3

HO  

[97-99]  -1.55 99.10 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Telbivudine-5’-triphosphate (44) 

O

N

HN

O

O

O

CH3

P O P O P OH

O- O- O-

O O O

HO

 

[98-100]  -5.81 238.69 

Thymidine-5’-triphosphate (45) 

O

N

HN

O

O

O

CH3

P O P O P OH

O- O- O-

O O O

HO

 

  -5.74 238.69 

Tenofovir-disoproxilfumarate (46) 

N

N N

N

CH3

O

NH2

P O

O

O

O

O

O

CH3

CH3

O

O

O

CH3

CH3  

[18, 46, 55, 65]  0.45 185.44 

Tenofovir(-mono-phosphate) (47) 

N

N N

N

CH3

O

NH2

P OH

O

O-

 

[65]  -0.96 136.88 

Tenofovir-di(-tri)-phosphate) (48) 

N

N N

N

CH3

O

NH2

P O

O

O-

P O P OH

O O

O- O-

 

[20, 23, 43, 46, 65]  -2.16 182.91 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Deoxyadenosine-5’-triphosphate (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Valaciclovir (49) 

N

N
HN

O

O

O

H2N N

H3C CH3

H2N
O

 

[26, 101]  0.24 146.85 

Aciclovir-triphosphate (5) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

 

[30]  -5.73 254.35 

Deoxyguanosine-5’-triphosphate (3) 

O

HN

N N

N

O

H2N

O P O P O P OH

O O O

O- O- O-

HO

 

  -6.15 252.13 

Valganciclovir (50) 

O

N

N
H

N

N

OHO

O

H2N

CH3O

H3C

NH2

 

[101]  -2.08 167.08 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Ganciclovir- triphosphate (29) 

O

N

N
H

N

N

HO

O

H2N

O P O P O P OH

O O O

O- O- O-

 

[68, 101]  -8.05 274.58 

Deoxyadenosine-5’-triphosphate (8) 

O

N

N N

N

O P O P O P OH

O O O

O- O- O-

HO

NH2

 

  -5.96 258.90 

Zalcitabine (51) 

O

N

N

O

NH2

OH

 

[16, 19, 55],  -2.72 88.15 

Zalcitabine-5’-triphosphate (52) 

O

N

N

O

NH2

O P O P O P OH

O O O

OH OH OH  

  -6.98 227.74 

Deoxycitidine-5’-triphosphate (17) 

N

N

O

HO O

NH2

O

P O P O P OH

O- O- O-

O O O  

  -6.06 227.74 
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(Table 1). Contd….. 

Name and Chemical Structure HPLC CE logP (Rekker) TPSA 

Zidovudine (AZT) (53) 

O

N

HN

O

O

N
N+

-N

CH3

OH
 

[10, 12, 14, 18, 20, 46, 49, 51, 

54, 55, 57, 69, 79, 81-85, 89, 

102-110] 

[20, 46, 58, 

59, 62, 94-96, 

111, 113-

115] 

 115.08 

Zidovudine 5'-triphosphate (54) 

O

N

HN

O

O

ON
N+

-N

CH3

P O P O P OH

O O O

OH OH OH  

[16, 20, 89, 112, 117, 118]   254.64 

Thymidine-5’-triphosphate (45) 

O

N

HN

O

O

O

CH3

P O P O P OH

O- O- O-

O O O

HO

 

  -5.74 238.69 

 

patients with HIV infection, as well as in the treatment of 
acyclovir-resistant herpes. It is an acyclic nucleoside 
phosphonate, and is therefore independent of phospho-
rylation by viral enzymes. Cidofovir (15) is metabolized to 
cidofovir diphosphate (16), which is an active intracellular 
metabolite. Elimination half life of cidofovir is 2.4-3.2 h. 
Cidofovir triphosphate (16) inhibits herpes virus polym-
erases at concentrations that are 8- to 600-fold lower than 
those causing inhibition of human cellular DNA polymerase 
alpha, beta, and gamma. Incorporation of cidofovir triphos-
phate (16) into the growing viral DNA chain results in reduc-
tions in the rate of viral DNA synthesis. The FDA has only 
approved cidofovir (15) use for CMV retinitis in AIDS pa-
tients. 

 Cladribine (18) is an antineoplastic agent used in the 
treatment of lymphoproliferative diseases including hairy-
cell leukemia (leukemic reticuloendotheliosis) and multiple 
sclerosis. Elimination half life of cladribine (18) is 5.4 h. 
Although cladribine (18) is structurally related to fludarabine 
and pentostatin, their mode of cytotoxic activity differs. Cla-
dribine (18) is phosphorylated to give cladribine triphosphate 
(CdATP) (19), which accumulates and is incorporated into 
the DNA of cells such as lymphocytes. Unlike the majority 

of antimetabolites, cladribine (18) has cytotoxic effect on 
both resting and proliferating lymphocytes. 

 Didanosine (DDI) (20) is a prodrug. DDI is effective 
against HIV and is used in combination with other 
antiretroviral drug therapies as part of a highly active 
antiretroviral therapy (HAART). Elimination half life is 1.5 
h. DDI (20) is metabolized intracellularly into its active 
form: didanosine triphosphate (21), that is dideoxyadenosine 
triphosphate (ddATP). ddATP inhibits the HIV reverse 
transcriptase enzyme competitively by displacing natural 
dATP (8). It can also act as a chain terminator by 
incorporation into viral DNA as the lack of 3’-OH group 
prevents the formation of 5’- to 3’- phosphodiester linkage. 
FDA approval for the treatment of HIV infection was in 
1991 [5, 55]. 

 Efavirenz is a non-nucleoside reverse transcriptase in-
hibitor (NNRTI) and (together with lamivudine in combina-
tion of either zidovudine or tenofovir) is used as part of 
highly active antiretroviral therapy (HAART) for the treat-
ment of human immunodeficiency virus (HIV) type 1. Half 
life is 40-55 h. Antiviral activity of efavirenz depends on its 
intracellular conversion to a triphosphorylated form. 
Triphosphorylated efavirenz inhibits the activity of viral 
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RNA-directed DNA polymerase (i.e. reverse-transcriptase), 
thereby it interferes with a generation of DNA copies of viral 
RNA inhibiting the synthesis of new virions. FDA approval 
of efavirenz as an antiretroviral drug was given in 1998. 

 Emtricitabine (22) is indicated in combination with 
other antiretroviral agents for the treatment of HIV infection 
in adults. Half life is 10 h. It is a synthetic nucleoside ana-
logue of citidine, and it is phosphorylated by cellular en-
zymes to form emtricitabine-5’-triphosphate (23). Emtricit-
abine-5’-triphosphate (23) competes with the natural sub-
strate of HIV-reverse transcriptase, with deoxycytidine-5’-
triphosphate (17) thereby emtricitabine (22) treatment helps 
to lower the amount of HIV or the “viral load” in HIV pa-
tient’s body, and can indirectly increase the number of im-
mune cells. FDA approval for the treatment of HIV infection 
was in 2003 [5, 55]. 

 Famciclovir (24) is indicated for the treatment of acute 
herpes zoster (shingles), for the treatment or suppression of 
recurrent genital herpes in immunocompetent patients and 
that of recurrent mucocutaneous herpes simplex infections in 
HIV infected patients. Half life is 2-2.3 h. Orally adminis-
tered famciclovir is metabolized by ester hydrolysis to pen-
ciclovir (37). Penciclovir (37) is phosphorylated to a mono-
phosphate in herpes simplex virus types 1 or 2 (HSV-1, 
HSV-2) infected cells by viral thymidine kinase which is 
then converted to penciclovir-triphosphate (25) by cellular 
kinases. Penciclovir-triphosphate (25) selectively inhibits 
viral DNA polymerase by competing with deoxyguanosine-
5’-triphosphate (3) (according to in vitro experiments). Inhi-
bition of DNA polymerase causes blocking of DNA synthe-
sis of the virus infected cell, i.e. viral replication. In cells not 
infected with HSV, DNA synthesis remains unaltered. The 
most commonly found acyclovir resistant HSV mutants are 
deficient of thymidine kinase, so they do not phosphorylate 
penciclovir (37) to penciclovir-monophosphate resulting in 
resistance to famciclovir (24) (and penciclovir) treatment. 
FDA approval was in 1998 [5, 55]. 

 Fludarabine (2-fluoro-ara-AMP) (26) is used for the 
treatment of hematological malignancies, such as adult pa-
tients with B-cell chronic lymphocytic leukemia (CLL) who 
have not responded to or whose disease has progressed dur-
ing treatment with at least one standard alkylating-agent con-
taining regimen. Half life is 20 h. One phosphate moiety is 
included in fludarabine, which is rapidly hydrolyzed follow-
ing the treatment to 2-fluoro-ara-A. 2-Fluoro-ara-A is phos-
phorylated intracellularly by deoxycitidine kinase to the ac-
tive triphosphate form of fludarabine (2-fluoro-ara-ATP 
(27)), which is considered an inhibitor of DNA polymerase 
alpha, ribonucleotide reductase and DNA primase. Mecha-
nism of detailed inhibition DNA synthesis by fludarabine has 
not been completely characterized yet. 

 Ganciclovir (29) is used for the treatment of complica-
tions from AIDS-associated cytomegalovirus infections. Half 
life is 2.5-5 h. Ganciclovir (29) is phosphorylated into its 
highly selective antiviral form by subsequent reactions: 
Thymidine kinase converts it to ganciclovir monophosphate, 
cellular guanylate kinase further metabolizes to ganciclovir-
diphosphate (30), and the -triphosphate (31) is produced by a 
number of cellular enzymes. Ganciclovir-triphosphate (31) is 

a substrate for viral DNA polymerase, faulty DNA is pro-
duced by replacing much of the deoxyadenosine-5’-
triphosphate (8). This replacement results in the prevention 
of DNA synthesis by destabilizing the strand. Ganciclovir 
inhibits viral DNA polymerase more effectively than cellular 
polymerase. 

 Gemcitabine (32) is indicated as the first-line treatment 
of patients with metastatic breast cancer, locally advanced 
(Stage IIIA or IIIB), or metastatic (Stage IV) non-small cell 
lung cancer and as a first-line treatment for patients with 
adenocarcinoma of the pancreas. Its half life depends on the 
rate of infusion. Gemcitabine (32) is considered as a pro-
drug; its active drug form is generated by deoxycitidine 
kinase by the formation of gemcitabine-5’-diphosphate (33) 
and gemcitabine-5’-triphosphate (34). Both gemcitabine-5’-
diphosphate (33) and gemcitabine-5’-triphosphate (34) act in 
their specific ways. Gemcitabine-5’-diphosphate (33) inhib-
its ribonucleotide reductase, an enzyme responsible for the 
catalysis of synthesis of deoxynucleoside triphosphates. In-
hibition of ribonucleotide reductase essentially diminishes 
DNA synthesis. Gemcitabine-5’-triphosphate (34) (that is 
difluorodeoxycytidine triphosphate) competes with endoge-
neous deoxynucleosides-5’-triphosphates (e.g. deoxy-
citidine-5’-triphosphate (17)) for incorporation into DNA. 

 Lamivudine (35) indications include treatments against 
Human Immunodeficiency Virus Type 1 (HIV-1) and hepati-
tis B (HBV). Lamivudine (35) is an analogue of cytidine. 
Lamivudine (35) is intracellularly phosphorylated to its ac-
tive triphosphate metabolite, lamivudine-5’-triphosphate (36) 
(L-TP). L-TP (36) is incorporated into viral DNA by HIV 
reverse transcriptase and HBV polymerase, resulting in the 
termination of the DNA chain. Its half life is 5-7 h. 
Lamivudine (35) was approved by the Food and Drug 
Administration in 1995 for use with zidovudine (53) and in 
2002 as a once-a-day dosed medication [5, 55]. 

 Penciclovir (37) is a guanine analogue antiviral drug 
used for the treatment of various herpes virus infections. 
Half life is 2.2-2.3 h. Viral thymidine kinase phosphorylates 
penciclovir (37) to penciclovir monophosphate in herpes 
simplex virus (HSV) infected cells. Penciclovir monophos-
phate is metabolized to penciclovir-triphosphate (25) by cel-
lular kinases. Penciclovir-triphosphate (25) selectively inhib-
its viral DNA polymerase by competing with deoxy-
guanosine-5’-triphosphate (3) and the inhibition of DNA 
synthesis of virus-infected cells inhibits viral replication. If 
cells are not infected with HSV, their DNA synthesis re-
mains unaltered. 

 Ribavirin (38) is indicated for the treatment of chronic 
hepatitis C and for the treatment of respiratory syncytial vi-
rus (RSV) infection. Half life of a single dose is 120-170 h. 
Ribavirin (38) is intracellularly phosphorylated to its mono-, 
di- and triphosphate derivatives by adenosine kinase. Ri-
bavirin-5’-triphosphate (39) is a competitive inhibitor of 
three important viral enzymes, such as inosine mono-
phoshate dehydrogenase, viral RNA polymerase and mes-
senger RNA guanyltransferase. The inhibition of guanyl-
transferase stops the capping of mRNA. The multiple inhibi-
tion results in a reduction of the intracellular guanosine-5’-
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triphosphate pool, in an inhibition of viral RNA as well as 
protein synthesis. 

 Stavudine (40) is indicated for the treatment of human 
immunovirus (HIV) infections. Stavudine (40) is a nucleo-
side reverse transcriptase inhibitor with definite activity 
against HIV-1. Half life is 0.8-1.5 h. Stavudine (40) is an 
analogue of thymidine, but lacks the 3’-OH group. Stavudine 
is phosphorylated into active stavudine-5’-triphosphate (41) 
that inhibits the HIV reverse transcriptase by competing with 
deoxythymidine-5’-triphosphate (3). The lack of 3’-hydroxyl 
group in the incorporated stavudine-5’-triphosphate (41) 
prevents the formation of the 5’ to 3’ phosphodiesterase 
linkage essential for DNA elongation. Therefore, the DNA 
growth is terminated. Simultaneous use of stavudine (40) 
and azidothymidine (52) (AZT) is not recommended as AZT 
(52) can inhibit the intracellular phosphorylation of 
stavudine (40). Other anti-HIV drugs do not possess this 
property. FDA approval for the treatment of HIV infection 
was given in 1994 [5, 55]. 

 Tenofovir is marketed in a diester form. The diester 
requires initial hydrolysis to yield tenofovir, an acyclic 
nucleoside phosphonate diester, an analogue of adenosine 
monophosphate. Its indication means its use in combination 
with other antiretroviral agents for the treatment of HIV-1 
(Tenofovir-disoproxilfumarate (45)). Subsequent phospho-
rylation by cellular enzymes forms tenofovir-monophosphate 
(46) and tenofovir-diphosphate (47) which blocks reverse 
transcriptase, an enzyme crucial for viral production of HIV 
infected people. FDA approval for the treatment of HIV in-
fection was procured in 2001 and for chronic hepatitis in 
2008 [5, 55]. 

 Valaciclovir (48) is indicated in the treatment or sup-
pression of cold sores (herpes labialis), herpes zoster (shin-
gles), genital herpes in immunocompetent individuals, and 
recurrent genital herpes in HIV-infected individuals. Valaci-
clovir (48) is a prodrug of acyclovir (4) and acyclovir-5’-
triphosphate (5), as it is almost completely hydrolyzed to L-
valine and acyclovir (4) (see the metabolic fate and phos-
phorylation of valacyclovir/acyclovir). Half life is less than 
30 min (for valaciclovir) and 2.5-3.6 h (for aciclovir) 

 Valganciclovir (49) is used for the treatment of cy-
tomegalovirus infections. Valganciclovir (49) is the L-valyl 
ester of ganciclovir (29), it is actually a prodrug for ganci-
clovir (29). Half life is 4 h. After oral administration, it is 
rapidly hydrolyzed to ganciclovir (29) by intestinal and he-
patic esterases (details of phosphorylations and effects are 
given at ganciclovir). 

 Zalcitabine (50) is indicated in the treatment of human 
immunodeficiency virus (HIV) infections. Zalcitabine (50) 
inhibits the activity of HIV-1 reverse transcriptase (RT) both 
by competing with the natural substrate dGTP and by its 
incorporation into viral DNA. Half life is 2 h. Zalcitabine 
(50) is phosphorylated into zalciatbine-5’-triphosphate (51), 
that competes with dGTP for incorporation into viral DNA. 
Zalcitabine-5’-triphosphate (51) inhibits the HIV reverse 
transcriptase enzyme competitively, and acts as chain termi-
nator of DNA synthesis, as lack of 3’-OH group in the incor-
porated nucleoside analogue prevents the formation of 5’- to 

3’-linkage. FDA approval for the treatment of HIV infection 
was achieved in 1992 [55] in 1996 in combination with zi-
dovudine (52). Sales and distributions were discontinued 
from 2006 because of other NRTI drugs were on the market 
having more favorable risk/benefit profile.  

 Zidovudine (52) (ZDV) or azidothymidine (AZT) is a 
type of antiretroviral drug, and acts as nucleoside reverse 
transcriptase inhibitor (NRTI). The presence of azido group 
in the chemical structure increases the lipophilic nature of 
zidovudine (52), which can easily cross cell membranes by 
diffusion. Zidovudine (52) can penetrate through the blood-
brain barrier. Zidovudine (52) is phosphorylated to its active 
metabolites. The lack of a 3’-OH group in the incorporated 
zidovudine-5’-triphosphate (53) prevents the formation of a 
5’ to 3’ linkage, which is essential for DNA elongation. 
Zidovudine-5’-triphosphate (53) has about 100-fold less 
ability to inhibit the human cellular DNA polymerase than 
that of HIV reverse transcriptase. Certain toxic effects 
(possible damage of cardiac and other muscles) of ZDV (52) 
treatment can account for the relatively high sensitivity of 
cellular DNA polymerase of the mitochondria. ZDV (52) 
(i.e. AZT) was the first drug to be approved for treatment for 
HIV. The use of ZDV (52) made a major breakthrough in 
AIDS therapy in the 1990s, which significantly altered the 
course of the disease and helped destroy the notion that 
having HIV/AIDS means an instant death sentence. ZDV 
(52) slows HIV spread significantly, but does not stop it 
entirely. ZDV (52) was approved by the FDA for use against 
HIV-induced AIDS, and AIDS Related Complex in 1987 [5, 
55]. 

 To complete the medicinal chemistry of this special 
group of antiviral/anticancer compounds, HPLC and capil-
lary zone electrophoresis (CZE)methods for their quantita-
tive analysis are given in Table 1. 

 Analytical determinations are done to monitor the level 
and also the conversion of these synthetic nucleoside ana-
logues to their phosphate-conjugated form. Table 1 gives an 
impression, of how often HPLC-UV, HPLC combined with 
mass spectrometry, CZE-UV combined with mass spectro-
metric detection (CZE-MS) were used to detect and to quan-
tify nucleosides and the corresponding nucleotide analogues. 

Quality Control 

 Anbazhagan et al. [74] compared three simple methods 
to quantify stavudine (40), lamivudine (35) (and also nevi-
rapine) in tablets. Both UV spectroscopy, and HPLC and 
HPTLC (high-performace thin-layer chromatography) gave 
adequate results for the routine analysis of tablets. 

 The overwhelming majority of chromatographic and 
electrophoretic separation deals with nucleosides. First of all, 
concentration level of nucleosides is higher than that of nu-
cleotides.  

 Therapeutic drug monitoring (TDM) and pharmacoki-
netics serve not only the science but also everyday’s interest 
of patients. 

 Rebiere et al. [19] worked out two reliable methods for 
parallel quantification of several antiretroviral agents using 
HPLC with UV detection. The drugs belong to either nucleo-
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side/nucleotide reverse transcriptase inhibitors (abacavir (1), 
amdoxovir, didanosine (20), emtricitabine (22), lamivudine 
(35), stavudine (40), zalcitabine (50), zidovudine (52)) or 
non-nucleoside reverse transcriptase inhibitors or protease 
inhibitors. They used HPLC on YMC pack ODS-AM (250 x 
4.6 mm, 5 m) column. This method was used to monitor 
therapeutic drug level even when they are used in combina-
tion. 

 Pereira et al. [58] worked out a validated capillary elec-
trophoresis (CZE) method to determine didanosine (20), 
efavirenz and zidovudine (52) in blood, even these antiretro-
viral drugs were used in combinations. Detection was done 
using ultraviolet absorbance at 200 nm.  

 Chong et al. [63] analysed famciclovir (24) concentration 
in serum and vitreous fluid to determine serum to vitreous 
penetration. They found that vitreous concentrations of fam-
ciclovir (24) are within the inhibitory level for herpes sim-
plex 1, herpes simplex 2, varicella zoster virus. They con-
cluded that oral famciclovir (24) maybe a reasonable alterna-
tive to i.v. aciclovir (4). Determinations were carried out 
using reversed-phase HPLC and detection of UV absorbance 
at 254 nm. 

 A method for reliable quantification of several AIDS 
drugs was reported by Checa et al. [56], including the ana-
lytical method for didanosine (20), emtricitabine (22), lami-
vudine (35), stavudine (40), zalcitabine (50) and zidovudine 
(52). Optimized chromatographic procedures were given for 
several triplets of drugs, the limit of detection (LOD) values 
varied between 3 and 15 ng/mL. Zou et al. [30] used LC-
MS-MS to establish pharmacokinetic parameters of adefovir 
(6) in healthy Chinese volunteers. The tmax was about 1.5, 1.6 
and 1.8 h, and the elimination half life values were about 8, 
7.5 and 7.5 h after administration of 10, 20 and 30 mg ade-
fovir dipivoxil (6), respectively [30].  

 Bioequivalency studies have also been done on these 
drugs. For instance, the patent of AZT (52) expired in 2005 
(placing AZT (52) in the public domain), allowing other 
drug companies to manufacture and market generic AZT 
(53) without having to pay. The U.S. FDA has since 
approved several generic forms of AZT (52). Zou et al. [30] 
and also Sun et al. [117] determined adefovir (6) using 
LC/MS/MS. Their validated methods were used to determine 
adefovir (6) in serum and urine, and were proven to be 
suitable to clinical pharmacokinetic study. 

 Phosphorylation of antiretroviral agents can be moni-
tored using HPLC. Pioneering works on the analysis of zi-
dovudine (52) phosphorylation were published by Peter et al. 
[109, 114] and Brody et al. [108]. Peripheral blood mononu-
clear cells were collected [109, 114], a clean-up was fol-
lowed by HPLC. Fractions consisting of zidovudine (52) and 
its phosphorylated anabolites were collected, the anabolites 
were dephosphorylated to zidovudine, and they were quanti-
fied by RIA. This method was further developed by the use 
of radiolabelled zidovudine (52) for incubation. Radioactiv-
ity of the separated fractions (zidovudine (52), zidovudine-
5’-monophosphate, zidovudine-5’-diphosphate and zi-
dovudine-5’-triphosphate (53) were determined to give intra-
cellular concentration of the parent drug and that of the dif-

ferent phosphate-conjugated metabolites. Non-significant 
effect of the presence/absence of stavudine (40) on the phos-
phate conjugation was also established. Culture, and the nu-
cleoside anabolism was analyzed after separating them. 

 Sensitivity of analysis is highly increased by monitoring 
the separation with on-line coupled tandem mass spectrome-
try (HPLC/MS/MS). Ray et al. [31] followed phosphoryla-
tion of adefovir (6) using hepatic cell lines and primary hu-
man hepatocytes. Separation and quantification of adefovir 
(6), adefovir-monophosphate and adefovir-diphosphate (7) 
were done on Phenomex Prodigy 5 m stationary phase us-
ing gradient elution. Moore et al. [82] made simultaneous 
quantification of the 5’-triphosphate metabolites of lami-
vudine, stavudine and zidovudine in peripheral mononuclear 
blood cells (PMBCs) of HIV infected patients. PMBCs are 
the sites where HIV replication and the possible drug action 
take place. Moore et al. [82] used HPLC/MS/MS with a 
Phenomex Columbus (100 x 1 mm, 5 m) C-18 stationary 
phase. Pharmacokinetics of gemcitabine (32) was detected 
by Losa et al. [23], who determined gemcitabine-5’-
diphosphate (33) and gemcitabine-5’-triphosphate (34) in 
PMBCs of patients treated with i.v. gemcitabine (32). Tracer 
Excel ODSA C18 column (100 x 4.6 mm, 3 m) stationary 
phase and diode array UV detection were used. 

 Fludarabine phosphorylation by human leukemic cell 
was followed by Kalhorn et al. [64] using HPLC/MS. Prod-
igy C-8 (100 x 2 mm, 5 m) column was used as the station-
ary phase. 

 Carli et al. [36] reported the simultaneous quantification 
of 5-fluorouracil (10) and several members of its anabolic 
pathway (5-fluoro-2’-deoxyuridine, 5-fluoro-2’-deoxyuri-
dine-monophosphate (11), etc.) using LC/MS/MS. The sepa-
ration was done using an Atlantis (100 x 2.1 mm, 3.5 m) C-
18 stationary phase. 

 Separation of antiviral nucleoside reverse transcriptase 
inhibitors and their phosphorylated metabolites is not re-
stricted to the reversed-phase stationary phases. Anion ex-
change liquid chromatography and on-line coupled to tan-
dem mass spectrometer was used by Jansen et al. [39, 62] to 
quantify nucleotides of emtricitabine (22) and tenofovir (46) 
in PMBCs. Anion-exchange chromatography was also used 
by Sparidans et al. [68] to analyze gemcitabin-5’-
triphosphate (31) in human white blood cells. Later on, po-
rous graphitic carbon was used to separate 2 -2 -
difluorodeoxycytidine and 2 -2 -difluorodeoxyuridine nu-
cleosides and nucleotides by Jansen et al. [116]. 

 Excellent reviews [20, 26, 55] have been published on 
the clean-up and the separation possibilities of several antivi-
ral compounds, comparing the methods (HPLC versus capil-
lary electrophoresis), conditions of separation, and methods 
of detections (UV, fluorescence). The sources of samples 
were also specified, such as bulk drug, serum, urine and 
many others. 

CONCLUSIONS 

 Two distinct and essential steps are required for the me-
dicinal action of a drug. These are that the drug should reach 
the site of action, and it should be able to fit the site of ac-
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tion. Drug distribution (penetration through the membranes) 
is generally possible for drugs of lipophilic character. How-
ever, drugs used as reverse transcriptase inhibitors should 
change their lipophilicity and chemical character inside the 
cell to exert their antivirus or anticancer effects. Enzymatic 
attachment of two or three phosphates contributes to the vital 
metabolic/anabolic characters of reverse transcriptase inhibi-
tors.  

REFERENCES 

[1] Brunton, L.L.; Parker, K.P.; Murri, N.; Blumenthal, D.K.; Knoll-
mann, B.C. Goodman & Gilman’s The Pharmacological Basis of 

Therapeutics, 11th Edition, The McGraw-Hill Companies, Inc., 
New York, 2006. 

[2] Kalant, H.; Roshlau, W.H.E. Eds. Principles of Medical Pharma-
cology, Oxford University Press, New York, 1998. 

[3] Finkel, R.; Clark, M.A.; Cubeddu, L.X. Eds. Lippincott’s Illus-
trated Reviews: Pharmacology, 4th ed., Lippincott, Philadelphia, 

2009. 
[4] Dipiro, J.T.; Talbert, R.L.; Yee, G.C.; Matzke, G.R.; Wells, B.G.; 

Posey, L.M. Eds. Pharmacotherapy, 5th Ed., McGraw Hill, New 
York, 2002. 

[5] www.drugbank.ca 
[6] Albert, A., Chemical Aspects of Selective Toxicity. Nature, 1958, 

182, 421-423. 
[7] Harper, N.J., Drug latentiation. J. Med. Pharm. Chem., 1959, 1, 

467-500. 
[8] Smith F.T.; Clark, C.R., Prodrugs and drug latentation, In. Wilson 

and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical 
Chemistry, Block, J.H.; Beale, J.M. Eds. 11th ed. Lippincott Wil-

liams & Wilkins, Philadelphia, 2004, pp. 142-159. 
[9] Veldkamp, A.I.; Sparidans, R.W.; Hoetelmans, R.M.; Beijnen, J.H. 

Quantitative determination of abacavir (1592U89), a novel nucleo-
side reverse transcriptase inhibitor, in human plasma using isocratic 

reversed-phase high-performance liquid chromatography with ul-
traviolet detection. J. Chromatogr. B Biomed. Sci. Appl., 1999, 

736(1-2), 123-128. 
[10] Donnerer, J.; Kronawetter, M.; Kapper, A.; Haas, I.; Kessler, H.H. 

Therapeutic drug monitoring of the HIV/AIDS drugs abacavir, zi-
dovudine, efavirenz, nevirapine, indinavir, lopinavir, and nelfi-

navir. Pharmacology, 2003, 69(4), 197-204. 
[11] Ferrer, S.M.; Modamio, P.; Lastra, C.F.; Mariño, E.L. Determina-

tion of abacavir in human plasma by high-performance liquid 
chromatography with ultraviolet detection and the analytical error 

function. Biomed. Chromatogr., 2004, 18(10), 862-865. 
[12] Ramachandran, G, Hemanthkumar, A.K.; Kumaraswami, V.; 

Swaminathan, S. A simple and rapid liquid chromatography 
method for simultaneous determination of zidovudine and nevirap-

ine in plasma. J. Chromatogr B Analyt. Technol. Biomed. Life Sci., 
2006, 843(2), 339-344. 

[13] Verweij-van Wissen, C.P.; Aarnoutse, R.E.; Burger, D.M. Simulta-
neous determination of the HIV nucleoside analogue reverse tran-

scriptase inhibitors lamivudine, didanosine, stavudine, zidovudine 
and abacavir in human plasma by reversed phase high performance 

liquid chromatography. J. Chromatogr. B Analyt. Technol. Biomed. 
Life Sci., 2005, 816(1-2), 121-129. 

[14] Compain, S.; Schlemmer, D.; Levi, M.; Pruvost, A.; Goujard, C.; 
Grassi, J.; Benech, H. Development and validation of a liquid 

chromatographic/tandem mass spectrometric assay for the quantita-
tion of nucleoside HIV reverse transcriptase inhibitors in biological 

matrices. J. Mass Spectrom., 2005, 40(1),9-18. 
[15] Sparidans, R.W.; Hoetelmans, R.M.; Beijnen, J.H. Liquid chroma-

tographic assay for simultaneous determination of abacavir and 
mycophenolic acid in human plasma using dual spectrophotometric 

detection. J. Chromatogr. B Biomed. Sci. Appl., 2001, 750(1),155-
161. 

[16] Rezk, N.L.; Tidwell, R.R.; Kashuba, A.D. Simultaneous determina-
tion of six HIV nucleoside analogue reverse transcriptase inhibitors 

and nevirapine by liquid chromatography with ultraviolet absor-
bance detection. J. Chromatogr. B Analyt. Technol. Biomed. Life. 

Sci., 2003, 791(1-2),137-147. 
[17] Clark, T.N.; White, C.A.; Bartlett, M.G. Determination of Abacavir 

in maternal plasma, amniotic fluid, fetal and placental tissues by a 

polarity switching liquid chromatography/tandem mass spectrome-

try method. Rapid Commun. Mass Spectrom., 2004,18(4), 405-411. 
[18] Fromentin, E.; Gavegnano, C.; Obikhod, A.; Schinazi, R.F. Simul-

taneous quantification of intracellular natural and antiretroviral nu-
cleosides and nucleotides by liquid chromatography-tandem mass 

spectrometry. Anal. Chem., 2010, 82(5), 1982-1989. 
[19] Rebiere, H.; Mazel, B.; Civade, C.; Bonnet, P.A. Determination of 

19 antiretroviral agents in pharmaceuticals or suspected products 
with two methods using high-performance liquid chromatography. 

J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 2007, 850(1-
2), 376-383. 

[20] Lai, J.; Wang, J.; Cai, Z. Nucleoside reverse transcriptase inhibitors 
and their phosphorylated metabolites in human immunodeficiency 

virus-infected human matrices. J. Chromatogr. B, 2008, 868, 1-12. 
[21]  Fung, E.N.; Cai, Z.; Burnette, T.C.; Sinhababu, A.K. Simultaneous 

determination of Ziagen and its phosphorylated metabolites by ion-
pairing high-performance liquid chromatography-tandem mass 

spectrometry. J. Chromatogr. B Biomed. Sci. Appl., 2001, 754(2), 
285-295. 

[22] Cai, Z.; Fung, E.N.; Sinhababu, A.K. Capillary electrophoresis-ion 
trap mass spectrometry analysis of Ziagen and its phosphorylated 

metabolites. Electrophoresis, 2003, 24(18), 3160-3164. 
[23]  Losa, R.; Sierra, M.I.; Gion, M.O.; Esteban, E.; Buesa, J.M. Simul-

taneous determination of gemcitabine di- and triphosphate in hu-
man blood mononuclear and cancer cells by RP-HPLC and UV de-

tection. J. Chromatogr. B, 2006, 840(1), 44-49.  
[24] Pruvost, A.; Théodoro, F.; Agrofoglio, L.; Negredo, E.; Bénech, H. 

Specificity enhancement with LC-positive ESI-MS/MS for the 
measurement of nucleotides: application to the quantitative deter-

mination of carbovir triphosphate, lamivudine triphosphate and 
tenofovir diphosphate in human peripheral blood mononuclear 

cells. J. Mass Spectrom., 2008, 43(2), 224-233. 
[25]  Dao, Y.J.; Jiao, Z.; Zhong, M.K. Simultaneous determination of 

aciclovir, ganciclovir, and penciclovir in human plasma by high-
performance liquid chromatography with fluorescence detection. J. 

Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2008, 867(2), 
270-276. 

[26] Loregian, A.; Gatti, R.; Palù, G.; De Palo, E.F. Separation methods 
for acyclovir and related antiviral compounds. J. Chromatogr. B 

Biomed. Sci. Appl., 2001, 764(1-2), 289-311. 
[27] Vezina, H.E.; Balfour, H.H.Jr.; Weller, D.R.; Anderson, B.J.; 

Brundage, R. Valacyclovir pharmacokinetics and exploratory 
pharmacodynamics in young adults with Epstein-Barr virus infec-

tious mononucleosis. J. Clin. Pharmacol., 2009, in press, PMID: 
19897764 . 

[28] Weller, D.R.; Balfour, H.H. Jr.; Vezina, H.E. Simultaneous deter-
mination of acyclovir, ganciclovir, and (R)-9-[4-hydroxy-2-

(hydroxymethyl)butyl]guanine in human plasma using high-
performance liquid chromatography. Biomed. Chromatogr., 2009, 

23(8), 822-827. 
[29]  Chandra, J.; Mansson, E.; Gogvadze, V.; Kaufmann, S.H.; Alber-

tioni, F.; Orrenius, S. Resistance of leukemic cells to 2-
chlorodeoxyadenosine is due to a lack of calcium-dependent cyto-

chrome c release. Blood, 2002, 99(2), 655-663. 
[30] Zou, J.; Di, B.; Zhang, J.; Dai, L.; Ding, L.; Zhu, Y.; Fan, H.; Xiao, 

D. Determination of adefovir by LC-ESI-MS-MS and its applica-
tion to a pharmacokinetic study in healthy Chinese volunteers. J. 

Chromatogr. Sci., 2009, 47(10), 889-894. 
[31] Ray, A.S.; Vela, J.E.; Olson, L.; Fridland, A. Effective metabolism 

and long intracellular half life of the anti-Hepatitis B agent adefovir 
in hepatic cells. Biochem. Pharmacol., 2004, 68( 9), 1825-1831. 

[32] Vainchtein, L.D.; Rosing, H.; Schellens, J.H.; Beijnen, J.H. A new, 
validated HPLC-MS/MS method for the simultaneous determina-

tion of the anti-cancer agent capecitabine and its metabolites: 5'-
deoxy-5-fluorocytidine, 5'-deoxy-5-fluorouridine, 5-fluorouracil 

and 5-fluorodihydrouracil, in human plasma. Biomed. Chroma-
togr., 2010, 24(4), 374-386. 

[33]  Coe, R.A.; Earl, R.A.; Johnson, T.C.; Lee J.W. Determination of 5-
fluorouracil in human plasma by a simple and sensitive reversed-

phase HPLC method. J. Pharm. Biomed. Anal., 1996, 14(12), 
1733-1741. 

[34]  Carli, D.; Honorat, M.; Cohen, S.; Megherbi, M.; Vignal, B.; 
Dumontet, C.; Payen, L.; Guitton, J. Simultaneous quantification of 

5-FU, 5-FUrd, 5-FdUrd, 5-FdUMP, dUMP and TMP in cultured 



Phosphate Conjugation to Anticancer/Antiviral Prodrugs Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 9    843 

cell models by LC-MS/MS. J. Chromatogr. B Analyt. Technol. 

Biomed. Life Sci., 2009, 877(27), 2937-2944.  
[35] Licea-Perez, H.; Wang, S.; Bowen, C. Development of a sensitive 

and selective LC-MS/MS method for the determination of alpha-
fluoro-beta-alanine, 5-fluorouracil and capecitabine in human 

plasma. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 2009, 
877(11-12), 1040-1046.  

[36] Carli, D.; Honorat, M.; Cohen, S.; Megherbi, M.; Vignal, B.; 
Dumontet, C.; Payen, L.; Guitton, J. Simultaneous quantification of 

5-FU, 5-FUrd, 5-FdUrd, 5-FdUMP, dUMP and TMP in cultured 
cell models by LC-MS/MS. J. Chromatogr. B Analyt. Technol. 

Biomed. Life Sci., 2009, 877(27), 2937-2944. 
[37] Eisenberg, E.J.; Lynch, G.R.; Bidgood, A.M.; Krishnamurty, K.; 

Cundy, K.C. Isolation and identification of a metabolite of cido-
fovir from rat kidney. J. Pharm. Biomed. Anal., 1998, 16(8), 1349-

1356. 
[38] Cihlar, T.; Chen, M.S. Identification of enzymes catalyzing two-

step phosphorylation of cidofovir and the effect of cytomegalovirus 
infection on their activities in host cells. Mol. Pharmacol., 1996, 

50(6), 1502-1510. 
[39] Jansen, R.S.; Rosing, H.; de Wolf, C.J.; Beijnen, J.H. Development 

and validation of an assay for the quantitative determination of cla-
dribine nucleotides in MDCKII cells and culture medium using 

weak anion-exchange liquid chromatography coupled with tandem 
mass spectrometry. Rapid Commun. Mass Spectrom., 2007, 21(24), 

4049-4059. 
[40] Yeung, P.K.; Ferguson, C.; Jarrar, A.; King, B.; Li, M.L. Develop-

ment and validation of a sensitive and specific HPLC assay of cla-
dribine for pharmacokinetics studies in rats. J. Pharm. Pharm. Sci., 

2007, 10(2), 231-236. 
[41] Cahours, X.; Tran, T.T.; Mesplet, N.; Kieda, C.; Morin, P.; Agro-

foglio, L.A. Analysis of intracellular didanosine triphosphate at 
sub-ppb level using LC-MS/MS. J. Pharm. Biomed. Anal., 2001, 

26(5-6), 819-827. 
[42] Pruvost, A.; Negredo, E.; Benech, H.; Theodoro, F.; Puig, J.; Grau, 

E.; García, E.; Moltó, J.; Grassi, J.; Clotet, B. Measurement of in-
tracellular didanosine and tenofovir phosphorylated metabolites 

and possible interaction of the two drugs in human immunodefi-
ciency virus-infected patients. Antimicrob. Agents Chemother., 

2005, 49(5), 1907-1914. 
[43] Clark, T.N.; White, C.A.; Bartlett, M.G. Determination of dida-

nosine in maternal plasma, amniotic fluid, fetal and placental tis-
sues by high-performance liquid chromatography-tandem mass 

spectrometry. Biomed. Chromatogr., 2006, 20(6-7), 605-611. 
[44] Burger, D.M.; Rosing, H.; van Gijn, R.; Meenhorst, P.L.; van 

Tellingen, O.; Beijnen, J.H. Determination of stavudine, a new 
antiretroviral agent, in human plasma by reversed-phase high-

performance liquid chromatography with ultraviolet detection. J. 
Chromatogr., 1992, 584(2), 239-247. 

[45] Bezy, V.; Chaimbault, P.; Morin, P.; Unger, S.E.; Bernard, M.C.; 
Agrofoglio, L.A. Analysis and validation of the phosphorylated 

metabolites of two anti-human immunodeficiency virus nucleotides 
(stavudine and didanosine) by pressure-assisted CE-ESI-MS/MS in 

cell extracts: sensitivity enhancement by the use of perfluorinated 
acids and alcohols as coaxial sheath-liquid make-up constituents. 

Electrophoresis, 2006, 27(12), 2464-2476. 
[46] Knupp, C.A.; Brater, D.C.; Relue, J.; Barbhaiya, R.H. Pharmacoki-

netics of didanosine and ketoconazole after coadministration to pa-
tients seropositive for the human immunodeficiency virus. J. Clin. 

Pharmacol., 1993, 33(10), 912-917. 
[47] de Oliveira, A.M.; Löwen, T.C.; Cabral, L.M.; dos Santos, E.M.; 

Rodrigues, C.R.; Castro, H.C.; dos Santos, T.C. Development and 
validation of a HPLC-UV method for the determination in dida-

nosine tablets. J. Pharm. Biomed. Anal., 2005, 38(4), 751-756. 
[48] Aymard, G.; Legrand, M.; Trichereau, N.; Diquet, B. Determina-

tion of twelve antiretroviral agents in human plasma sample using 
reversed-phase high-performance liquid chromatography. J. Chro-

matogr. B. Biomed. Sci. Appl., 2000, 744(2), 227-240. 
[49] Knupp, C.A.; Milbrath, R.; Barbhaiya, R.H. Effect of time of food 

administration on the bioavailability of didanosine from a chewable 
tablet formulation. J. Clin. Pharmacol., 1993, 33(6), 568-573. 

[50] Becher, F.; Pruvost, A.; Gale, J.; Couerbe, P.; Goujard, C.; Boutet, 
V.; Ezan, E.; Grassi, J.; Benech, H. A strategy for liquid chroma-

tography/tandem mass spectrometric assays of intracellular drugs: 
application to the validation of the triphosphorylated anabolite of 

antiretrovirals in peripheral blood mononuclear cells. J. Mass Spec-

trom., 2003, 38(8), 879-890. 
[51] Srinivas, N.R.; Knupp, C.A.; Batteiger, B.; Smith, R.A.; Barbhaiya, 

R.H. A pharmacokinetic interaction study of didanosine coadminis-
tered with trimethoprim and/or sulphamethoxazole in HIV sero-

positive asymptomatic male patients. Br. J. Clin. Pharmacol., 
1996, 41(3), 207-215. 

[52] Molina, J.M.; Peytavin, G.; Perusat, S.; Lascoux-Combes, C.; 
Sereni, D.; Rozenbaum, W.; Chene, G. Pharmacokinetics of em-

tricitabine, didanosine and efavirenz administered once-daily for 
the treatment of HIV-infected adults (pharmacokinetic substudy of 

the ANRS 091 trial). HIV Med., 2004, 5(2), 99-104. 
[53] Becher, F.; Pruvost, A.; Gale, J.; Couerbe, P.; Goujard, C.; Boutet, 

V.; Ezan, E.; Grassi, J.; Benech, H. A strategy for liquid chroma-
tography/tandem mass spectrometric assays of intracellular drugs: 

application to the validation of the triphosphorylated anabolite of 
antiretrovirals in peripheral blood mononuclear cells. J. Mass Spec-

trom., 2003, 38(8), 879-890. 
[54] Bezy, V.; Morin, P.; Couerbe, P.; Leleu, G.; Agrofoglio, L. Simul-

taneous analysis of several antiretroviral nucleosides in rat-plasma 
by high-performance liquid chromatography with UV using acetic 

acid/hydroxylamine buffer Test of this new volatile medium-pH for 
HPLC-ESI-MS/MS. J. Chromatogr. B Analyt. Technol. Biomed. 

Life Sci., 2005, 821(2), 132-143. 
[55] Checa, A.; Oliver, R.; Hernández-Cassou, S.; Saurina, J. Determi-

nation of HIV drugs in biological matrices: a review. Anal. Chim. 
Acta, 2009, 647(1), 1-13.  

[56] Checa, A.; Oliver, R.; Hernández-Cassou, S.; Saurina, J. Reversed-
phase liquid chromatographic method with spectrophotometric de-

tection for the determination of antiretroviral drugs. Anal. Chim. 
Acta, 2008, 616(1), 85-94. 

[57] Fan, B.; Stewart. J.T. Determination of lamivudine/didanosine/ 
nevirapine in human serum using capillary zone electrophoresis. J. 

Capill. Electrophor. Microchip. Technol., 2002, 7(5-6), 103-106.  
[58] Pereira, E.A.; Micke, G.A.; Tavares, M.F. Determination of antiret-

roviral agents in human serum by capillary electrophoresis. J. 
Chromatogr. A, 2005, 1091(1-2),169-176. 

[59] Mallampati, S.; Leonard, S.; De Vulder, S.; Hoogmartens, J.; Van 
Schepdael, A. Method development and validation for the analysis 

of didanosine using micellar electrokinetic capillary chromatogra-
phy. Electrophoresis, 2005, 26(21), 4079-4088. 

[60] Fan, B.; Stewart, J.T. Determination of zi-
dovudine/lamivudine/nevirapine in human plasma using ion-pair 

HPLC. J. Pharm. Biomed. Anal., 2002, 28(5), 903-908. 
[61] Cahours, X.; Dessans, H.; Morin, P.; Dreux, M.; Agrofoglio, L. 

Determination at ppb level of an anti-human immunodeficiency vi-
rus nucleoside drug by capillary electrophoresis-electrospray ioni-

zation tandem mass spectrometry. J. Chromatogr. A., 2000, 895(1-
2), 101-109. 

[62] Jansen, R.S.; Rosing, H.; Kromdijk, W.; Heine, R.; Schellens, 
J.H.M.; Beijnen, J.H. Simultaneous quantification of emtricitabine 

and tenofovir nucleotides in peripheral blood mononuclear cells us-
ing weak anion-exchange liquid chromatography coupled with tan-

dem mass spectrometry. J. Chromatogr. B., 2010, 878, 621-627. 
[63] Chong, D.Y.; Johnson, M.W.; Huynh, T.H.; Hall, E.F.; Comer, 

G.M.; Fish, D.N. Vitreous penetration of orally administered fam-
ciclovir. Am. J. Ophthalmol. 2009,148(1), 38-42. 

[64] Kalhorn, T.F.; Ren, A.G.; Slattery, J.T.; McCune, J.S.; Wang, J. A 
highly sensitive high-performance liquid chromatography-mass 

spectrometry method for quantification of fludarabine triphosphate 
in leukemic cells. J. Chromatogr. B Analyt. Technol. Biomed. Life 

Sci., 2005, 820(2), 243-250.  
[65] Agbaria, R.; Candotti, F.; Kelley, J.A.; Hao, Z.; Johns. D.G.; 

Cooney, D.A.; Blaese, R.M.; Ford, H. Jr. Biosynthetic ganciclovir 
triphosphate: its isolation and characterization from ganciclovir-

treated herpes simplex thymidine kinase-transduced murine cells. 
Biochem. Biophys. Res. Commun., 2001, 289(2), 525-530. 

[66]  Weller, D.R.; Balfour, H.H Jr.; Vezina, H.E. Simultaneous deter-
mination of acyclovir, ganciclovir, and (R)-9-[4-hydroxy-2-

(hydroxymethyl)butyl]guanine in human plasma using high-
performance liquid chromatography. Biomed. Chromatogr. 2009, 

23(8), 822-827. 
[67] Kirstein, M.N.; Hassan, I.; Guire, D.E.; Weller, D.R.; Dagit, J.W.; 

Fisher, J.E.; Remmel, R.P. High-performance liquid chroma-
tographic method High-performance liquid chromatographic 



844    Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 9 Kalász et al. 

method for the determination of gemcitabine and 2 ,2 -

difluorodeoxyuridine in plasma and tissue culture media. J. Chro-
matogr. B, 2006, 835 (1-2), 136-142. 

[68] Sparidans, R.W.; Crul, M.; Schellens, J.H.M.; Beijnen, J.H. 
Isocratic ion-exchange chromatographic assay for the nucleotide 

gemcitabine triphosphate in human white blood cells. J. Chroma-
togr. B, 2002, 780(2), 423-430. 

[69] Alnouti, Y.; White, C.A.; Bartlett, M.G. Simultaneous quantitation 
of zidovudine and zidovudine monophosphate from plasma, amni-

otic fluid and tissues by micellar capillary electrophoresis. Biomed. 
Chromatogr., 2004, 18(8), 523-531. 

[70] Alnouti, Y.; Lewis, S.R.; White, C.A.; Bartlett, M.G. Simultaneous 
determination of zidovudine and lamivudine from rat tissues by 

liquid chromatography/tandem mass spectrometry. Rapid Commun. 
Mass Spectrom., 2005, 19(4), 503-508. 

[71] Bahrami, G.; Mirzaeei, S.; Kiani, A.; Mohammadi, B. High-
performance liquid chromatographic determination of lamivudine 

in human serum using liquid-liquid extraction; application to phar-
macokinetic studies. J. Chromatogr. B Analyt. Technol. Biomed. 

Life Sci., 2005, 823(2), 213-217. 
[72] Wiesner, J.L.; Sutherland, F.C.; Smit, M.J.; van Essen, G.H.; 

Hundt, H.K.; Swart, K.J.; Hundt, A.F. Sensitive and rapid liquid 
chromatography-tandem mass spectrometry method for the deter-

mination of stavudine in human plasma. J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 2002, 773(2), 129-134. 

[73] Hoetelmans, R.M.; Profijt, M.; Meenhorst, P.L.; Mulder, J.W.; van 
Heeswijk, R.P.; Beijnen, J.H. Co-trimoxazole and stavudine inter-

ference in a high-performance liquid chromatographic analysis for 
didanosine in human plasma. Ther. Drug Monit., 1998, 20(6), 669-

672. 
[74] Anbazhagan, S.; Indumathy, N.; Shanmugapandiyan, P.; Sridhar, 

S.K. Simultaneous quantification of stavudine, lamivudine and 
nevirapine by UV spectroscopy, reverse phase HPLC and HPTLC 

in tablets. J. Pharm. Biomed. Anal., 2005, 39(3-4), 801-804. 
[75] Sarkar, M.; Khandavilli, S.; Panchagnula, R. Development and 

validation of RP-HPLC and ultraviolet spectrophotometric methods 
of analysis for the quantitative estimation of antiretroviral drugs in 

pharmaceutical dosage forms. J. Chromatogr. B Analyt. Technol. 
Biomed. Life Sci., 2006, 830(2), 349-354.  

[76] Fan, B.; Bartlett, M.G.; Stewart, J.T. Determination of lami-
vudine/stavudine/efavirenz in human serum using liquid chroma-

tography/electrospray tandem mass spectrometry with ionization 
polarity switch. Biomed. Chromatogr., 2002,16(6), 383-389. 

[77] Alnouti, Y.; Lewis, S.R.; White, C.A.; Bartlett, M.G. Simultaneous 
determination of zidovudine and lamivudine from rat tissues by 

liquid chromatography/tandem mass spectrometry. Rapid Commun. 
Mass Spectrom., 2005,19(4), 503-508. 

[78] Notari, S.; Mancone, C.; Tripodi, M.; Narciso, P.; Fasano, M.; 
Ascenzi, P. Determination of anti-HIV drug concentration in hu-

man plasma by MALDI-TOF/TOF. J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 2006, 833(1), 109-116.  

[79] Tran, T.T.; Robbins, B.L.; Pinkerton, F.H. Jr.; Ferrua, B.; Grassi. 
J.; Fridland, A. A new sensitive cartridge-RIA method for determi-

nation of stavudine (D4T) triphosphate in human cells in vivo. An-
tiviral Res. 2003, 58(2), 125-129. 

[80]  Shi, G.; Wu, J.T.; Li, Y.; Geleziunas, R.; Gallagher, K.; Emm, T.; 
Olah, T.; Unger, S. Novel direct detection method for quantitative 

determination of intracellular nucleoside triphosphates using weak 
anion exchange liquid chromatography/tandem mass spectrometry. 

Rapid Commun. Mass Spectrom., 2002, 16(11), 1092-1099 
[81] Williams, L.D.; von Tungeln, L.S.; Beland, F.A.; Doerge, D.R. 

Liquid chromatographic-mass spectrometric determination of the 
metabolism and disposition of the anti-retroviral nucleoside ana-

logs zidovudine and lamivudine in C57BL/6N and B6C3F1 mice. 
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 2003, 798(1), 

55-62. 
[82] Moore, J.D.; Valette, G.; Darque, A.; Zhou, X.J.; Sommadossi, J.P. 

Simultaneous quantitation of the 5'-triphosphate metabolites of zi-
dovudine, lamivudine, and stavudine in peripheral mononuclear 

blood cells of HIV infected patients by high-performance liquid 
chromatography tandem mass spectrometry. J. Am. Soc. Mass 

Spectrom., 2000, 11(12), 1134-1143. 
[83] Anbazhagan, S.; Indumathy, N.; Shanmugapandiyan, P.; Sridhar, 

S.K. Simultaneous quantification of stavudine, lamivudine and 

nevirapine by UV spectroscopy, reverse phase HPLC and HPTLC 

in tablets. J. Pharm. Biomed. Anal., 2005, 39(3-4), 801-804. 
[84] Sekar, R.; Azhaguvel, S. Simultaneous determination of HIV-

protease inhibitors lamivudine and zidovudine in pharmaceutical 
formulations by micellar electrokinetic chromatography. J. Pharm. 

Biomed. Anal., 2005, 39(3-4), 653-660. 
[85] Liu, C.C.; Huang, J.S.; Tyrrell, D.L.; Dovichi, N.J. Capillary elec-

trophoresis-electrospray-mass spectrometry of nucleosides and nu-
cleotides: application to phosphorylation studies of anti-human 

immunodeficiency virus nucleosides in a human hepatoma cell 
line. Electrophoresis, 2005, 26(7-8),1424-1431. 

[86] Anderson, P.L.; Zheng, J.H.; King, T.; Bushman, L.R.; Pred-
homme, J.; Meditz, A.; Gerber, J.; Fletcher, C.V. Concentrations of 

zidovudine- and lamivudine-triphosphate according to cell type in 
HIV-seronegative adults. AIDS, 2007, 21(14).1849-1854. 

[87] Pruvost, A.; Théodoro, F.; Agrofoglio, L.; Negredo, E.; Bénech, H. 
Specificity enhancement with LC-positive ESI-MS/MS for the 

measurement of nucleotides: application to the quantitative deter-
mination of carbovir triphosphate, lamivudine triphosphate and 

tenofovir diphosphate in human peripheral blood mononuclear 
cells. J. Mass Spectrom., 2008, 43(2), 224-233. 

[88] Meléndez, M.; Rosario, O.; Zayas, B.; Rodríguez, J.F. HPLC-
MS/MS method for the intracellular determination of ribavirin mo-

nophosphate and ribavirin triphosphate in CEM ss cells. J. Pharm. 
Biomed. Anal. 2009, 49(5), 1233-1240.  

[89] Yeh, L.T.; Nguyen, M.; Dadgostari, S.; Bu, W.; Lin, C.C. LC-
MS/MS method for simultaneous determination of viramidine and 

ribavirin levels in monkey red blood cells. J. Pharm. Biomed. Anal. 
2007, 43(3), 1057-1064. 

[90] Volosov, A.; Alexander, C.; Ting, L.; Soldin, S.J. Simple rapid 
method for quantification of antiretrovirals by liquid chromatogra-

phy-tandem mass-spectrometry. Clin. Biochem., 2002, 35(2), 99-
103. 

[91] Mesplet, N.; Morin, P.; François, C.; Agrofoglio, L.A. Simultane-
ous quantitation of nucleoside HIV-1 reverse transcriptase inhibi-

tors by short-end injection capillary electrochromatography on a 
beta-cyclodextrin-bonded silica stationary phase. J. Chromatogr. 

A., 2001, 927(1-2), 161-168. 
[92] Mesplet, N.; Morin, P.; Agrofoglio, L.A. Concurrent analysis of 

nucleoside reverse transcriptase inhibitors in a pool of endogenous 
nucleosides by short-end injection-capillary electrochromatography 

on a beta-cyclodextrin-bonded stationary phase. Electrophoresis, 
2002, 23(9), 1263-1271. 

[93] Cahours, X.; Dessans, H.; Morin, P.; Dreux, M.; Agrofoglio, L. 
Determination at ppb level of an anti-human immunodeficiency vi-

rus nucleoside drug by capillary electrophoresis-electrospray ioni-
zation tandem mass spectrometry. J. Chromatogr. A., 2000, 895(1-

2), 101-109. 
[94]  Jiang, J.; Hu, P.; Wang, H.Y.; Shen, K.; Brown, N.A.; Zhou, X.J. 

[Study on the pharmacokinetic profile of telbivudine]. Zhonghua 
Gan Zang Bing Za Zhi., 2006, 14(11):811-813. Chinese.  

[95]  Zhou, X.J.; Marbury, T.C.; Alcorn, H.W.; Smith, W.B.; Dubuc 
Patrick G.; Chao, G.C.; Brown, N.A. Pharmacokinetics of telbi-

vudine in subjects with various degrees of hepatic impairment. An-
timicrob. Agents Chemother., 2006, 50(5), 1721-1726. 

[96]  Zhou, X.J.; Lim, S.G.; Lloyd, D.M.; Chao, G.C.; Brown, N.A.; Lai, 
C.L. Pharmacokinetics of telbivudine following oral administration 

of escalating single and multiple doses in patients with chronic 
hepatitis B virus infection: pharmacodynamic implications. Antimi-

crob. Agents Chemother. 2006, 50(3), 874-879. 
[97]  Kasiari, M.; Gikas, E.; Georgakakou, S.; Kazanis, M.; Panderi, I. 

Selective and rapid liquid chromatography/negative-ion electros-
pray ionization mass spectrometry method for the quantification of 

valacyclovir and its metabolite in human plasma. J. Chromatogr. B 
Analyt. Technol. Biomed. Life Sci., 2008, 864(1-2), 78-86. 

[98]  Perrottet, N.; Manuel, O.; Lamoth, F.; Venetz, J.P.; Sahli, R.; 
Decosterd, L.A.; Buclin, T.; Pascual, M.; Meylan, P. Variable viral 

clearance despite adequate ganciclovir plasma levels during val-
ganciclovir treatment for cytomegalovirus disease in D+/R- trans-

plant recipients. BMC Infect. Dis., 2010, 10, 2. 
[99] Nadal, T.; Ortuño, J.; Pascual, J.A. Rapid and sensitive determina-

tion of zidovudine and zidovudine glucuronide in human plasma by 
ion-pair high-performance liquid chromatography. J. Chromatogr. 

A., 1996, 721(1), 127-137. 



Phosphate Conjugation to Anticancer/Antiviral Prodrugs Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 9    845 

[100]  Fan, B.; Stewart, J.T. Determinations of zidovudine/didanosine/ 

nevirapine and zidovudine/didanosine/ritonavir in human serum by 
micellar electrokinetic chromatography. J. Pharm. Biomed. Anal., 

2002, 30(4), 955-960. 
[101] Burger, D.M.; Rosing, H.; Koopman, F.J.; Mennhorst, P.L.; 

Mulder, J.W.; Bult, A.; Beijnen, J.H. Determination of 3'-amino-3'-
deoxythymidine, a cytotoxic metabolite of 3'-azido-3'-deoxythy-

midine, in human plasma by ion-pair high-performance liquid 
chromatography. J. Chromatogr., 1993, 622(2), 235-242. 

[102] Estrela, R.C.; Salvadori, M.C.; Raices, R.S.; Suarez-Kurtz, G. 
Determination of didanosine in human serum by on-line solid-

phase extraction coupled to high-performance liquid chromatogra-
phy with electrospray ionization tandem mass spectrometric detec-

tion: application to a bioequivalence study. J. Mass Spectrom., 
2003, 38(4),378-385. 

[103] Estrela, R.C.; Salvadori, MC.; Suarez-Kurtz, G. A rapid and sensi-
tive method for simultaneous determination of lamivudine and zi-

dovudine in human serum by on-line solid-phase extraction cou-
pled to liquid chromatography/tandem mass spectrometry detec-

tion. Rapid Commun. Mass Spectrom., 2004, 18(10), 1147-1155. 
[104] Jajoo, H.K.; Bennett, S.M.; Kornhauser, D.M. Thermospray liquid 

chromatographic-mass spectrometric analysis of anti-AIDS nucleo-
sides: quantification of 2',3'-dideoxycytidine in plasma samples. J. 

Chromatogr., 1992, 577(2), 299-304. 
[105] Ofner, B.; Boukhabza, A.; Pacha, W.; Amsterdam, C.V.; Winter-

steiger, R. Determination of SDZ ICM 567 in blood and muscle 
microdialysis samples by microbore liquid chromatography with 

ultraviolet and fluorescence detection. J. Chromatogr. B Biomed. 
Sci. Appl., 1997, 700(1-2), 191-200 

[106] Font, E.; Rosario, O.; Santana, J.; García, H.; Sommadossi, J.P.; 
Rodriguez, J.F. Determination of zidovudine triphosphate intracel-

lular concentrations in peripheral blood mononuclear cells from 
human immunodeficiency virus-infected individuals by tandem 

mass spectrometry. Antimicrob. Agents Chemother., 1999, 43(12), 
2964-2968 

[107] Henneré, G.; Becher, F.; Pruvost, A.; Goujard, C.; Grassi, J.; 
Benech, H. Liquid chromatography-tandem mass spectrometry as-

says for intracellular deoxyribonucleotide triphosphate competitors 
of nucleoside antiretrovirals. J. Chromatogr. B Analyt. Technol. 

Biomed. Life Sci., 2003, 15, 789(2), 273-381. 
[108] Brody, S.R.; Aweeka, F.T. Pharmacokinetics of intracellular zi-

dovudine and its phosphorylated anabolites in the absence and 
presence of stavudine using an in vitro human peripheral ,blood 

mononuclear cell (PBMC) model. Int. J. Antimicrob. Agents. 1997, 
9(2), 131-135. 

[109] Peter, K.; Lalezari, J.P.; Gambertoglio, J.G. Quantification of zi-

dovudine and individual zidovudine phosphates in peripheral blood 
mononuclear cells by a combined isocratic high performance liquid 

chromatography radioimmunoassay method. J. Pharm. Biomed. 
Anal., 1996, 14(4), 491-499. 

[110] Singhal, R.P.; Hughbanks, D.; Xian, J. Separation of dideoxyribo-
nucleosides in trace amounts by automated liquid chromatography 

and capillary electrophoresis. J. Chromatogr., 1992, 609(1-2), 147-
161. 

[111] Bloom, J.; Ortiz, J.; Rodríguez, J.F. Azidothymidine triphosphate 
determination using micellar electrokinetic capillary chromatogra-

phy. Cell Mol. Biol. (Noisy-le-grand), 1997, 43(7), 1051-1055. 
[112] King, T.; Bushman, L.; Anderson, P.L.; Delahunty, T.; Ray, M.; 

Fletcher, C.V. Quantitation of zidovudine triphosphate concentra-
tions from human peripheral blood mononuclear cells by anion ex-

change solid phase extraction and liquid chromatography-tandem 
mass spectroscopy; an indirect quantitation methodology. J. Chro-

matogr. B Analyt. Technol. Biomed. Life Sci., 2006, 831(1-2), 248-
257. 

 [113] Becher, F.; Schlemmer, D.; Pruvost, A.; Nevers, M.C.; Goujard, C.; 
Jorajuria, S.; Guerreiro, C.; Brossette, T.; Lebeau, L.; Créminon, 

C.; Grassi. J.; Benech, H. Development of a direct assay for meas-
uring intracellular AZT triphosphate in humans peripheral blood 

mononuclear cells. Anal. Chem., 2002, 74(16), 4220-4227. 
[114] Peter, K.; Lalezari, J.P.; Gambertoglio, J.G. Quantification of zi-

dovudine and individual zidovudine phosphates in peripheral blood 
mononuclear cells by a combined isocratic high performance liquid 

chromatography radioimmunoassay method. J. Pharm. Biomed. 
Anal., 1996, 14(4), 491-499. 

[115] Brody, S.R.; Aweeka, F.T. Pharmacokinetics of intracellular zi-
dovudine and its phosphorylated anabolites in the absence and 

presence of stavudine using an in vitro human peripheral blood 
mononuclear cell (PBMC) model. Int. J. Antimicrob. Agents, 1997, 

9(2), 131-135. 
[116] Jansen, R.S.; Rosing, H.; Schellens, J.H.M.; Beijnen, J.H. Reten-

tion studies of 2 -2 -difluorodeoxycytidine and 2 -2 -
difluorodeoxyuridine nucleosides and nucleotides on porous 

graphitic carbon: Development of a liquid chromatography–tandem 
mass spectrometry method. J. Chromatogr. A, 2009, 1216(15), 

3168-3174. 
[117] Sun, D.; Wang, H.; Wang, B.; Guo, R. Development and validation 

of a sensitive LC–MS/MS method for the determination of adefovir 
in human serum and urine. J. Pharm. Biomed. Anal., 2006, 42(3), 

372-378. 

 

 

Received: March 20, 2010 Revised: May 23, 2010  Accepted: May 24, 2010 

 

 


