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1 INTRODUCTION

Viral infections remain the most common cause of disease in man. Fortunate-
ly, most viral infections are self-limiting and mass immunizations have drastically
reduced the number of complications and deaths from serious viral diseases such
as poliomyelitis, mumps, measles, rabies, smallpox and influenza. Great strides
have been made in antiviral therapy and research, but ever present is the morbid-
ity and mortality caused by hepatitis viruses, herpes viruses and cytomegalovirus
in immunocompromised patients However, the impact of the human immunode-
ficiency viruses (HIV-1 and HIV-2), the causative agent of acquired immunode-
ficiency syndrome (AIDS), in stimulating research is unequalled. AIDS is inva-
riably fatal and the presently available treatments are extremely expensive;
therefore, the need for the discovery of new and improved antiviral agents has
never been greater [1-4] and, clearly, new bioanalytical technology will be re-
quired for newly developed antiviral drugs. The purpose of this paper is to review
present methodologies for existing antiviral drugs and to provide guidelines for
the development of bioanalytical methods for new antiviral drugs.

1.1. Nomenclature and classifications

The vast majority of antiviral compounds (Table 1) that are used clinically, or
are being considered for use, are the nucleoside analogues [1,3] (Fig. 1), which, for
the purpose of this review, have been further divided into five groups: the arabi-
nosides (1,2); ribavirin (3) and riboxamide (4); the acyclic guanosine derivatives
(5-7); the 2',3'-dideoxynucleosides (8-13); and the 5-halo-2’-deoxynucleosides
(14-17). This list of nucleoside analogues does not include the large number of
related compounds which are under pre-clinical or early clinical investigations [2]
and has been restricted, for the purposes of this review, to those compounds for
which there is a reasonable body of bioanalytical literature. The non-nucleoside
drugs (Fig. 2) mostly represent a diverse class of structurally unrelated com-
pounds and it is convenient to discuss their analysis individually in a section
separate form the nucleoside analogues This group of drugs includes arildone
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Drug name

Chemical names Common trade names  Common
abbreviation
Acyclovir (5) 9-[(2-Hydroxyethoxy)methyl]- Zovirax ACV
guanine, 2-amino-1,9-dihydro-9-
[2-hydroxyethoxy]6 H-purin-6-
one; acycloguanosine
Amantidine (19) Tricyclo[3.3 1 137}decan-1- Amazolon, Mantadix,
amine, 1-adamantanamine; Mantadan; Midantan,
l-aminoadamantane Mydantane; Symmetrel
Ampligen (24) Mismatched double-stranded
RNA
Arildone (18) 4-[6-(2-Chloro-4-methoxyphe-
noxy)hexyl]3,5-heptanedione
Bromovinyldeoxyurt- 5-(2-Bromovinyl)-2’-deoxyundine BVDU
dine (15)
Carbovir (8) Carbocyclic 2',3'-didehydro-2',3'-
dideoxyguanosine
Cytarabine (2) 4-1%n0-1-ﬁ-D-arabmofurano- Alexan, Arabitin, Ara-C
syl-2(1 H)-pyrimidinone, 1--D- Aracytidine; Aracytine,
arabmofuranosylcytosine, 1-$- Ara-C, Cytosar, Er-
cytosine arabinoside palfa, Iretin, Udicil
Desciclovir (7) 2-[(2-Amino-9 H-purin-9-yl)- DCV
methoxyjethanol, deoxyacyclovir
2'.3’-Didehydro-2',3'- 1-(2,3-didehydro-3-deoxy-f-p- d4T
deoxythymdine (13) erythro-pentofuranosyl)thymine
2'.3'-Dhdeoxyadenosine  2',3'-Dideoxy-9-f-ribofurano- DDA
® syl-9 H-purin-6-amine
2',3"-Dideoxycyticdine 2,3 -hdeoxy-4-amno-1-§-p- DDC
10) ribofuranosyl}-2-(1 H)-pyrimidi-
none
2',3"-Dideoxyinosine 2.3 -Dhdeoxy-9-f-ribofurano- DD1
(12) syl-1,9-dihydro-6 H-purin-6-one
Enviroxime (22) 6-[(Hydroxyimino)phenyl-
methyl}-1-[(I-methylethyl)sulfo-
nyl}-(1 H)-benzzmidazol-2-amme
2'-Fluoro-5-iodo- 2’-Fluore-5-10do-4-ammo-1- FIAC

aracytosine (16)

p-p-arabinofuranosyl-2(1 H)-
pyrimidinone; 2’-fluoro-5-10do-1-
p-D-arabiofuranosylcytosine

{ Continued on p. 298)
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TABLE 1 (connnued)
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Drug name Chemical names Common trade names  Common
abbreviation
Foscarnet sodium (23)  Dihydroxyphosphimecarboxyhc
acid oxade trisodium salt, trisodi-
um phosphonoformate
Ganciclovir (6) 9-(1,3-Dihydroxy-2-propoxy- DHPG
methyl)guanine, 2-amino-1,9-di-
hydro-9-(1,3-dihydroxy-2-propo-
xymethyl)-6 H-purin-6-one
Idoxuridine (14) I-(2-Deoxy-g-p-nibofuranosyl)-5-  Dendnd, Emanil, IDU; IDUR,
rodouracil, 5-10do-2'-deoxyuri- Herpid, Herplex, 1IUDR
dine Idexur, Idoxene, Idulea,
Idu Oculos, Iduridin,
Kerecid, Ophthalmi-
dine, Stoxil
5-Iodo-2'-deoxycytidine  2’-Deoxy-5-10do-4-amino-1-f-D- IDC
ribofuranosyl]-2-(1 H)-pyrimidi-
none
Moroxydine (21) N-(Aminoimmnomethyl)-4- Bioxine, Vironil, Virus- ABOB
morpholinecarboximdamide, min, Virustat
abitylguanide
Ribavirn (3) 1-B-p-Ribofuranosyl-1 H-1,2,4- Viramud, Virazole RTCA
triazole-3-carboxamide
Riboxamude (4) 2-f-D-Ribofuranosyl-4-thiazol- TCAR
carboxamide, tiazofurin
Rimantidine (20) a-Methyltncyclo[3 3 1 137}de- Meradan
can-1l-methanamine, x-methyl-1-
adamantanmethylamine
Vidarabine (1) 9-p-D-arabmofuranosyl-9H- Vira-A Ara-A
purin-6-amine, 9-f-nD-arabmo-
furanosyladenine, adenine arabi-
noside
Zidovudine (11) 1-(3-Azido-2,3-dideoxy-f§-D- Retrovir AZT

eryvthro-pentofuranosyl)thymine,
3’-az1do-3'-deoxythymidine

(18), amantidine (19), rimantidine (20), moroxydine (21), enviroxime (22), foscar-

net (23) and ampligen (24, structure not shown).

In addition to these drugs (1-24), immunomodulators are currently under
intense investigation for the treatment of viral disease but because they represent
a chemically and biochemically diverse group of compounds they were consid-
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Fig. I Structures of the nucleoside analogues with antiviral activity

ered to be beyond the scope of this publication. The interferons have also been
used as antiviral drugs; however, the use of chromatographic methods for the
determination in biological fluids has been very limited.

1.2. The need for bioanalysis of antiviral agents

The bioanalysis of antiviral agents poses a particularly significant challenge
because they tend to be structurally sumilar to endogenous substances and there-
fore require highly selective bioanalytical methodology. The need for analytical
selecitivity is particularly critical for the nucleoside analogues (1-17, Fig. 1) be-
cause, in addition to their similarity with endogenous substances, they tend to be
extensively metabolized to products that often have significant biological activity

CH;0 cl CHs
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0" (CHgls' CH
,C==0
CH,
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Fig 2 Structures of the non-nucleoside antiviral agents.
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[1-4]. Therefore, chromatographic methods [5] for the analysis of antiviral drugs
in biological fluids must be capable of separating and quantitating the metabo-
lites as well as the parent compounds. Antiviral drugs also exhibit substantial
intra- and inter-subject variability in their absorption, distribution, metabolism
and elimination leading to wide variability in plasma and tissue concentrations.
This variability 1n systemic concentrations probably helps to explain the range of
response and toxicity that is generally observed with antiviral drugs, and can lead
to modification of dosage regimens or withdrawal of treatment. Because of first-
pass metabolism, the problem of variability in response is particularly acute with
drugs such as zidovudine (11) that are administered orally. Although the ratio-
nale for therapeutic drug monitoring of the newer orally administered antivirals
has yet to be firmly established, recent reports on the variability in the pharmaco-
kinetics of zidovudine (11) [6-16] indicate that it may be generally necessary.

1.3. Handling of nfectious samples

1.3.1. Potential sources of infection

AIDS is invariably fatal and the contraction of other virally transmitted dis-
eases such as hepatitis B can have serious and often fatal consequences. There-
fore, even if the origin of a sample of a biological fluid or tissue from an animal, a
patient or a volunteer is known, that sample must be treated with extreme cau-
tion. All laboratories handling such potentially infectious samples must establish
standard operating procedures based on published recommendations [17-38].
These procedures are designed to eliminate direct contact with the specimens and
are subject to frequent review. Skin, mucous membranes and the respiratory tract
should be considered possible routes of entry for infectious materials. Gloves,
masks and eye protection should be worn at all times. Hands should be washed
with soap and water, even if gloves have been worn. Precautions must be taken to
avoid contact with sharp or broken objects, to avoid splashing and spilling of
contaminated materials and to ensure proper disposal of all contaminated mate-
rials, especially syringes and needles. Personnel should not be allowed to handle
biological samples without prior instruction and they should not be allowed to
work independently until they have demonstrated competency. For all materials
and equipment that have been in direct contact with potentially infectious sam-
ples, viruses should be assumed to be viable. More detailed guidelines on avoid-
ing personnel contamination by infective agents in research laboratories that use
human tissues are to be found in a recent review by Grizzle and Polt [36].

1.3.2. Heat inactivation of viruses

It has been recommended that biological samples contaminated with viruses
be heated to 56-60°C for 10-30 min, conditions that are known to prevent the
transmission of bloodborne infections, including hepatitis B [23-26]. However,
the Centers for Disease Control (CDC) have stated: ““it 1s not certain how effec-
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tive 56-60°C heat is in destroying HIV 1n serum ([19,20,27}), but heating small
volumes of serum for 30 minutes at 56°C before serological testing reduces resid-
ual infectivity to below detectable levels. Such treatment causes false-positive
results in HIV enzyme immunoassays ([28-31]) and may also affect some bio-
chemical assays performed on serum ([28,32,33 ])”’. Uncertainty over the effec-
tiveness of heating at 56°C for 30 min has prompted the American Society of
Hospital Pharmacists to recommend [17] heating HIV-infected samples to 56°C
and maintaining that temperature for at least 5 h. It is known [6,22] that heating
to 56°C for 60 min does not compromise the chemical stability of the most com-
monly used anti-AIDS drug, zidovudine (11); however, future validation proce-
dures for the bioanalysis of any anti-AIDS drug and its metabolites should in-
clude a stability study in the relevant biological fluids. These stability studies
should be conducted at a temperature of 60°C for at least 5 h because these are
more excessive conditions than any of those presently used to inactivate HIVs.
Recent work in this laboratory [16] has shown that heating plasma to temper-
atures greater than 60°C results in denaturation of proteins and a coincidental
reduction in the extraction efficiency of zidovudine (11).

1.3.3. Dwect injection of biclogical fluids

The procedures described to date have been designed to minimize exposure
during routine treatment of potentially infectious samples prior to chromatogra-
phy or other bioanalytical methods. The chance of accidental bodily contact with
virus-infected samples is highest in routine clinical laboratories that handle large
numbers of samples. In a recent review on therapeutic drug monitoring, Wong
[38] has advocated the use of automatic methods of analysis including robotics,
direct injection and column switching as possible ways of reducing the handling
of biological fluids to an absolute minimum.

2 NUCLEOSIDES

Details of the various methods that have been described for the analysis of the
nucleoside antiviral drugs are summarized in Table 2.

2.1. Liquid chromatography

Liquid chromatography (LC) with detection by ultraviolet (UV) absorption is
the method of choice for the routine determination of nucleosides in biological
fluids. Fluorescence, mass spectroscopic (MS) and electrochemical detection
(ED) are other options in LC for more specialized applications.

2.1.1. Detection systems

2.1.1.1. Absorbance. The majority of LC methods for the analysis of the nucle-
osidic antiviral agents in biological samples (Table 2) use UV absorbance [6—12,
14-16,39-99] for detection. In solutions of neutral to mildly acidic pH, the nat-
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urally occurring nucleosides (adenosine, cytidine, guanosine, thymidine and uri-
dine) have absorption maxima between 260 and 280 nm and molar absorptivities
at those maxima of between 10 000 and 15 000 (Table 3). The intense absorption
of UV light arises from the hereocyclic ring systems of the nucleosides and gener-
ally allows LC detection limits of 5-50 ng/ml to be achieved in plasma and serum
when UV detection is employed Because of interferences from structurally relat-
ed endogenous substances, detection limits in urine tend to be somewhat higher
and are generally in the range 20--200 ng/ml. The absorption spectra of the nucle-
osides exhibit shifts in intensity and wavelength maxima with changes in pH of
the solvent; however, the changes in intensity with change 1n pH are not generally
sufficient to have any significant effect on the sensitivity of LC assays.

Because of the similarity of the nucleosidic antiviral drugs and endogenous
compounds, peak identification and péak homogeneity are important issues to be
addressed when a non-specific method of detection, such as UV absorbance, is
employed. Interestingly, Shrecker and Urshel [39] in one of the earliest papers
written on the LC of nucleosides and antiviral drugs described the value of the
ratio of the peak heights measured at two wavelengths (typically 260 and 280 nm)
for the determination of peak purity. With the advent of diode-array detectors,
multi-channel UV detection of nucleosides is ideally suited for peak-purity testing
[39,80,100-102]. Peak identification in the chromatography of the nucleoside an-
tiviral drugs can be further complicated by extensive metabolism of the parent
compound, which can give rise to numerous metabolites. Consequently, metabo-
lism studies are frequently conducted in vivo and in vitro with radiolabeled materi-
al to aid the identification of chromatographic peaks. For example, Femberg et
al [93] have used both UV detection and on-line radioactivity monitoring for the
identification of several metabolites of 2'-fluoro-5-iodoaracytosine (FIAC) (16)
(Fig. 3) in the urine of patients infected with Herpes virus following intravenous
administration of drug spiked with 190 uCi of [2-1*C]FIAC.

2.1.1.2. Fluorescence. Fluorescence has not been as widely used as UV absor-
bance for the detection of nucleosides or nucleosidic antiviral agents in biological
samples because the purine and pyrimidine ring systems are only significantly
fluorescent in their protonated forms. For example, it has been observed [103—
113] that the guanine and adenine derivatives are fluorescent in aqueous solutions
of low pH and this observation has been exploited [114-117] for the detection of
nucleosides and their bases in LC eluents. Because of the instability of the silica-
based bonded phases available at the time, Assenza and Brown [114] used a
post-column reactor to lower the mobile phase pH prior to the fluorescence detec-
tion of purines. Subsequently, Borak and Smrz [115] and Jandera et al. [116] have
detected nucleosides and bases by fluorescence following their separation on sta-
ble, polymeric stationary phases eluted with acidic mobile phases. This approach
[114-117] to nucleoside analysis was later adapted by Salamoun ez a/. [117] for the
determination of acyclovir (5) in plasma. Fig 4 shows that the fluorescence of
acyclovir (5) increases dramatically with increasing acidity of the solution below



C M RILEY et af

304

foc (wuw
S[YF-UOSS[IN ewsed (A/A x Qo7 ‘wr §)
pue s1abuoiny pue wnisg [W/SU g0 ‘56 §) IDem—~[ouryIs  *'7) psospny (wu 057) AN 1
(dun
[691 auLn 10J L6-€ Jo rUIsBd 10]
v 12 uenn) Sunojiwow Snup [eOIN)  pur Bwskld Jw/da gos €6-L) Jo1em- [ouRyION SIyDMA (WU $67) AN 1
[w/8r 7 1 moloq suoner)
-uadu02 32 (%0T< d S A)
SILIBAOIRL JqBLIBA (09 0z 01 01) (I 70 0)
pLIO[o wWnipos—(
70 0) s1eUOj[nsoue)day [agits
(89] 1of[eA SO ¥BqI0Z UPY ANNqErs wpos—(zy 1 g) poe iy x 081
Pu® yjug  12312q pey suwnjod [-ddd wnieg - [W/3 7| ouoooIpAY-ourydy ‘wrf 01) [-d¥d (WU $7) AN 1
(SL 666 ST 0) (W g)
ptoe omojnsauryday Jur (ww
-urPiuoo (¢ 7 Hd iy 10 0) 6¢ x 00¢
[29] seydsoydusfoipAyip ‘wrt 1) 8o
v 12 1anbnog puIse[q [w/8u ogz  wmissejod-o[uo1a0y yedepuogr  (wu $57) AN
w1 9] 0) uonpAop (Ww ¢ 7) sreuojins suwy (ww 9 ¢
f99] payiay sopdwres juon uun -day wnipos Sutreluos  x gz ‘wr ¢)
akg pue pue -8d QWOS Ul DUBILINU]  pur BWSL]] WM OI-T (w §) 2183008 WIPOS SO XeQI0Z (WU $67) AQ) D71 (§) naophoy
seg 1oured Aseud
10 sseyd aniqoN Kreuonelg
Xireum pUON0019D -
$30UIIIIY SIUSWWO)) sidureg Jo jury suonipuoo owgdrsdolewory) G0N0 ,pOYIoN Fruq

Q0UDIOJAY Sy} U UOHRWLIOJUT WOLJ PAUNLIALIP 3G JOU PIIOD 10 Patels 10U = S N

SAUNYTA TVOIDOTOIE NI SONYA TYHIALLNY FATSOATIONN HHL 40 NOILYNIWIA1Ad FHL 04 SAOHIAN DIHdVIDOLVINOYHD

[ACBLAAR



305

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(90¢ *d uo panuizuo?) )

Isel
17 12 191Ky

el 1w
12 UOSUIGOY

[sz1] Aey

el
\Q 12 hOw~>

Lyl
10 unowre[es

04714 ut WSIO

-gejow pue ayeydn Jen[R) SULN WIS

el 9y} pue
URW W AN[IQR[IBAROIQ [BIO

uonezne
-ALIQP UTWRISIION]

SAIPMIS AN[IGRIS

Hd mof 1e 2ouzosasony |

BWISE[J

auLmn
pue ewse|d

SUON

BUWISB[J

Wnpos pue (w621 (wux

{190 xopdunts  (suumn) pyrl ¢ IPIUOIY Wwniuowure 9y x $T1
sadioy pue

‘(wnios) Amngena—oueylow  ‘wrl §) ¢ SAO

W1 gi10 ‘Y JUQAJOS JUSIpRID) qlostaydg

(ww

6£ x 00€

wr 01) ¥D

sedepuogr!

‘umn[od

[eanijeur

(w6 ¢

(AA“S LG TT)  x 0T ‘w /)

(¢ Hd) (pyw 2) a9yng  [ISRIOD ‘WM

w/Su gz sreydsoyd-omuoeoy -[00 pIEND)

(A/A*0€ 07'09) I018M
3u 08 —proE snRoB-fouRIng eoIIg

(A/a € L6) TourOW—~(g (ww

HD (10 0) areyd Ty x 05T

-soyd wnrwowwe ut (5 ‘wif 01) XOS

8d gg1 1 0) 9reIO[yoIad WMIpOG 01 [isnieq

o 7°g %

051 ‘wrl ¢°Z1)

00¢ OO

uoloydg

‘Uwnjod 1est

-1ATeue ‘(ww

T€ x 05T ‘W

81T HD (W 91) 00 OIMW

['0) Aej(ns WnIpos pue  uotoydg ‘uwn

Tw/8u | (g 1'0) proe ouoydsoyg -[0o pienn)

(wu z67) AN

(wu $67) AN

14

ad

(3o
Jo-mo wu
oLE =y ‘umu
$87 ) 14

1

oyl

J1L

1

1

(s1) NAAg



C M RILEY et a/

306

(8L-0) (L HOUyw ) (ww 9

[66°86l sunejAyje Sulmuos  x Qg7 ‘Wl §)
SIONIOM-0D (syus o) aypydsoyd %' H oroyds
puE [pUwioy ¥ 2U) U SONAUDOIBULIRYJ BWSE[] [w/8u g  WNUOWIWER—[OURIS A -0qlospy  (wu 767) AN D1 (8) 1maoqie)
(8T HA ‘wWw L)
oreydsoydusdorpAy wn
-TUOIWE ‘g TUIA[OS (8 T (urur
Hd ‘ww g) ereydsoyd 9 x sz ‘W
[L6} 8190 xad -uedoIpAy wniwowwe (1) XVS $7/01
JEERVTATVAT ayerdn epnpz) s sadioy SN “y JUIATOS JUIpRID) SXd psuied vd 1
(a/a
‘S LRST) LWw 01 ‘T (ww ¢ x
HI) poe suopyssad—jou  go[ ‘wf ) ¥y
-egjow (q) ‘YW 0§ ‘T8 00T TSO9[ONN
Hd) 19pnq s, ut (pyw (q) 10 (ww
[o6] 10 aunn ¢) aprolq Wnuowwe ¢ x 0] ‘wr
12 yfimnsay  sorjounjoorwieyd [RWUID  puB BWSE[] [w/Su 9 -[AYIoWHIA0apexok (B) o) [-ddd (B) (WU ZeZ) AN DT-O1
{A/a ‘05 05) (wwr
0S) ereydsoydudgorpiy
-1p WINIPos pue (Jyw
$'Z1) 9pIuoLg WNIUOuwnue
-[A1Inqers-jouryisw ‘g
BAJOS A/ “SL §T) (W
0s) seydsoydusdorpAyrp
SBJ 1211180 Jseyd
10 oseyd afiqoTN K1euonelg
X1I1BW LUOTIO)3D
S20UDI9JOY SIUBWIWOD) oidureg Jo ywry suonipuod srgdesdolrwory)) JUoNnoR POyl Snig

(ponuyuor) T A19V.L



307

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(sps d uo panutiuoy)

[} saist01g

pue wmisny

[p¥] wmsny

[¢v] 1ed

[cp) Areoy
pue Ling

[1%]
D 12 8131y

[ov} v 12 uwem

[6€] 1PUsIN
pue 12)001yg

AZojooeurreyd [esmiy)

vursefd 11 ur S[2A3] [BULION

pioe
ou0q yum uorjexa(dwo))

sjuanjed eruaynay

spiny
$91108® PUE S[[20 Jown ],

sonauryosrwreyd fedtui)

0414
w1 “s[[20 Jowny Aq oxerdn)

S3D

BwSEJ

UON

PUISE[]

SO

suun
pU® BWSE}]

S[RD

‘SN

3d gos

SN

[w/3u o7

(vy)
[owd (01

AN SN

[w/3u 001

SN

¢z ‘0 ¢ Hd) sreydsoyd
-uafospAyip wmissejod
Y TUSAJOS JUDIPBID

(A/A6L6ST)

(6 Hd ‘Arw gg) A1pi0q
10 (6 10 € HA ‘W S 7)
grydsoyd—ouryol

(W 10) pwe suog

(8 ¥ HD)
31BULIOJ WNIUOWULY

W v ogHdD
arrydsoyduagoIpAyrp wn
-rssejod ‘g JU9A[0S ‘(i
¢ ‘0 £ Hd) areydsoyd
-uadorpAyip wmssejod
‘Y JUSA[OS JUSIPEID

(v H ‘W
2 0) apuofyo wnsseiod
—gypydsoyd wnisseiog

(VR0
ApIXOIPAY WAIIOWIY

(w7

% W) X4V
juodn(q om]

(wwi 9 ¢
x 067 ‘wrf ¢)
SO xeq107

(wr £1)
9-y xoury

(wur
9y x 05T ‘und
01) $T/01 SXd

psnaed (q) 10
(wr 01) SAO
[snled (g)

(wur g 7

% 009 ‘Wi )
aseydeuriag
X4aVv omi

(q) 10 (ww
9 x 00f ‘wof
01) “HN yrde
-puogr ()

(wuwr o¢t)
£~V XUty

-1
(DV) xemoq

A2
30 (W 087
pue $$7) AN

(wu y67) AN

(wu 097) AN

(wu 457) AN

vy o

O1DO1

21

7T

1

O
1@

(Wwu $57) AN 10 1 (B)

(wu $$7) AN

(wu 697) AN

21

J1

4]
auIqeIRIA)



C. M RILEY et al

308

(a4 *5 g6) Jou

~eflow—S ¢ Hd ‘i < ()
areydsoyd wmrwowwie ‘g
1u2A108 (S ¢ HA ‘W S 0)
areydsoyd wntwowrwe
Y 1udAjos Juarpesd (q)

[es] 10 (A/A ‘Tig6) [oueqIRW (mw gy x
syue 8yl —(s'¢ Hd ‘A s'0) veyd ¢z “wrd ) 01 (uru
D 12 19un[g S]90 BIWAYNO[ B {{ HIEe) SN  -soyd wamowwy (8) XS snded (37 9ST) A 1
W (wwgy x vy
fv] omm ¥ 0°¢ € HA) arydsoyd ¢z ‘wrl gp) 01 Jo (wu gz
[piawern  urs[Ro 01717 49 9xerdn STRD SN -uwdosplyip wnipog xS [S0IEd  PUE $ST) An 1
(i
6¢ x 00¢
fov] sewizey (95  wrdop) o
pue woiAR[[E] ewserd jey BUISE[ 3d gos HAd ‘yw o) sreydsoyyg yedepuogr’ (WU /7)) AN 1
uwnjoo (ww % Q0T
AeU0I0q YIm dn-ued) ‘wrl () 6) 6T-V
@) o (ww
(€6 HY) (Ww ¢ x gos “wif
[9] sewzep 11 3w syuepdun 08) 21210qe112) WNIPOS + SE) LTV
PU® IUIAR[{R] 190 Jowny £q ayerdny S[eD Su§7 (W GZ) 91eaD WInIpog wuwy (8) (WU gL7) AN o1
(W 90s 'y HA)
eydsoydusforpAyp wn
-sse10d ‘g JudA[os (pyur
sed 1o11IE) Hseyd
10 aseyd opiqoN Areuouyelg
Xujew UOIIa70p S
SaouRIajey SIUDWO) ordureg Jo g suonpuod stydesforewory)) U0t ,POYIaIN S

(pomuniuo?) T 419VL



(=)
=1
[an

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(o1& d uo panunuo) )

[p5] sueay
pue spnywg

[est
172 98pIsioar]

[16] Houereg
pue eqiy

log]
I 12 UIsSUT|

le¥]
J}oryog pue
ydneyirorg

sonjauryoorwIeyd [estui))

3op
SY) Ul SO OIRULIBYJ

Je[AdI[es pue )-ele ‘D-ele
JO sIsA[RUR snoduR)NUNS

Apmys oiydeisdoy
-RUIOIYD 2seyd-feuiIoN

sonpunjooruLieyd [esti)

sonaunjooemreyd [pouI))

48D
pue poog

ewse(d

QUON

RUISE]J

48D
pUE BWISe[]

(a/a
S T-$L6) TouryRwW—(Z ¢
fw/3u oz HA ‘ww ¢7) aeydsoyd

(g§ Jo1 29s) WaIsAs Jur
[w/3u ¢z -yoyms-uwmjod xordmo))

PIOE OHILIOJ puP
[ouB3oUL ‘QUBIB0IOTYDIP
SUON] JO SHOUPUIGUIOD SNOLIBA

[w/8u z (7 Hd ‘i 7°0) deydsoyq

0L
w/fu og  Hd ‘ww og) seydsoyq

(ww

9 x 0$T ‘wr
0D $T/01 SXd
nsnred + (ww
9t x 051
‘wrl ¢) Ao
aroydsenyn

(e

9% x 00f ‘wr
) 81-4d dIN
-JO umuey
‘Tpue |
suwnod ‘(wa
9% x 0f ‘wr
) 81-dd dN

-0 uury
UWIR[O-31]

(urw

9% x 05T
w0 x §)
IS Qi0S0IYDIT

[{esnnid

9F x 05T
w o1) **D
01 [1s090nN

(uw y % 00g
‘wrl §) SAO
qrosuaydg

(wu 087) AN

(wu $$7) AN

(wu $$7) AN

(wu 087) AN

(wu 0L7) AN

ODO1

o101

21

1

o1



(a/A “TL 8 OFE) 1ognq

= [re1] saury 201w Fuireaq AeN-[OYooe [AInjiny
by pue epiyo)  -fown} wi oyeidn IPn[E)  S[[90 IoWN], ''N -oIpAyenal-jouedoid-u SN v Dd
8
jout ANATISUSS (i
R. sy auryluexodAy pue 6€ x 0SI
= JUIPLIT WOLJ 3OUIIJINU] wr o) ¥
S yedepuog
‘uumjod
(proe 010k ¥ 9 Yylim [eondeue
[es] v UInIes ¢ 9 Hd 01 powsnlpe ‘py ‘11 [1s810D)
jo SuIppULIBA,  sonaunjooeuieyd [ROIUD  puR BWSse [w/8n 7§ () 91B1008 WNIUOWIIY ‘umn[od-ard (WU 087) AN 1
| (AfACTC6SD)
P 10 UdYD) soneuryooewreyd 1iqqey vwse[d [W/3U )07 2IRIOIB- I0JBM—TOUBYIDN SN (wu$sg) AN 1
(e
6¢ x 00¢
wrf 1) *'D
yedepuogr
[Ls9s] 1w €58y HI‘WST-10) (@) 10 "D
12 oyysnjen QUON QUON ‘SN Q)BJ[NS WNIUOTUITY qrose[ig (v) SN 1
(34
HY(rw ¢) oreydsoyd
[ss] Kempi S[[92 F22UPD S0 -WNIUOWWERAINGeal (wrf §) ¥
pue AYS[yog Jsea1q uewny Aq aPidn  pue vwseq rowd ¢ +(w 1°0) Jreydsoyd ed-rerppy (Wi 087) AN T
SEg IouITED ,oseyd
10 oseyd ofigoN Areuonelg
XI1)Bul p,UOTOS19p
S20U2IJY SIUDWITO)) spdweg Jo nun suonrpuod arydeiforemwony) JUOTIORR  ,POYRIN Snaqq
<
- {(ponuriuod) T 4I4VL



31

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(z1€& d uo panuiuo)) )

(A/A 01:06) opIuiEwIIO)
TAIPUIP-NN-V 1USA[0S
‘ff 1uaAj0s (v §) areyd

-soyd wnmuowurejAing

-e191 pue (g'9 Hd ‘w

07) sreydsoydudgorpAyrp -

WNTUOUIE Y JUSA[OS
‘uonnpa juaipris (q) 10
(A/A *§"1:$°26) aprueuLIO)
-TAgrounp-N'N—8'9 Hd

l6L] (A ‘w g1) eveydsoydusd
[I'H PU® Uy 18D 31} UI SOUDUIYOIRULIBYJ pUISR[J [w/8u ooz -0IPAYIp WINTUOWWE (B)
(8] (5% H *A/a 06:01)
1P 12 I3[R0y AZojooewreyd reoruy) puiseld (AM) AU 00l *Od HY 0wy
lev1]
7 12 OURN [uL S'N ‘SN
uon
-B[AYJol pUR U0 RIAI0Y (AIAN)
[zy1] Koarey Tw/3u oL
pue ASeinog  sonaunjodrwnieyd jeoturn) BUISE[d (SN [W/Su | wnidHy
[1t1] Aoarey SaAT)E
pue A8enog  -ALIOp [A]IS 19710 pue SIALL QuON 8d 00s—0s wniPdH
(se1] v
12 onoIreyueq sanaujooruLIRyJ wng 3u 0] ID)"HD ‘(13)°H

(wrw

9% x 0ST
wr ) JI81D
peliianig]

(q) 10 (unm
9% x 0S¢
‘wrt ¢)

SO auayds
-eain (¥)

(W eg x 0S)
‘wrf o) *'o
yedepuogr

(2.052)
0€-HS %€

(D.0€0) L1-AQ
10 0£-dS %€

(D.082) LI-AO
10 Og-9S %¢E

(D.0£0)
O-woy)
uo LI-AO %€

<N— JI0
(wu $67) AN

vy 10
(wu $67) AN

S

S
1o 14 ‘adN

SN
fo d1d ‘ddN

g SW

1

1

20

20D

oD

2D

(6) vaa



(eInpow-Z

- (18] (/A “L6 €) 1ognq 181908 wrf 6) 81D
s Jp 12 IR sonounjoorwreyd [edNI) ewise[q [W/Su 7 WNIUOWWER—3[LIIU0I0Y Yed-reiped (WU €L7) AN 1
¥V
>
= (ww
& 6€ x 00€
b= wrt 0[) XVS
o 01 sieg
(q) 10 {ww
9y x 0T W
sajrjoqeur 10J W90 ¢)Sao awyds
(q) poyiow ‘soliogered pue ‘g ¢ gd) areydsoyd wn -enpn (e)
Snup yuared 10§ (€) poyIoN -IUOWWE ‘g JUIA[OS (v .UuImjo9 [esi
10 0 ‘9 ¢ Hd) seydsoyd -)Ajeue (wr
sfojuow pue -WNUOWWE Y JUIA[OS  (S—LE) [IS8I0D)
201U Ul $A[OGRUR JO S[IAI] Juatpr1n (q) (A/A ‘L6°E) /8t yede vy (@)
[ogl] JR[O[[a0RIUI JO SISA[RUR S[[o0 (g 9 gd) 1agng seyd -puog ‘uwm (wu
v 12 RPN pUR® SONOUINOJRWILYJ  pUR BWSE]] [w/Su g5 -soyd-o[iniuolady (v) -[02 prenr) €L AN () 1 (o1 Oaa
(wrwy
(ww go1) 9% x 0T ‘W
asreydsoydusforpAyip um  9) 87 xeqioz
-[uowwre Juiuejuod (/A uwnoo [edl
66-S) 191eM—3[LIJIUO)2OE -1Ajeue ‘(W
SN (W 0g) ayeydsoyd 94 x of ‘wil
-uoSoapAYIp WINIHOWIER S) 8-d¥ 9]
[ecT] asnowt aY} Ul WISjoqe)swt Surureyuood (A/a ‘06 01)  -umoig ‘uwn (1)
v 12 nelg PUE SONIUNOIRULIBYJ ewiseld  [W/Su MO 10JeA—O[IIIUCIAOR A -[05 pIens) SIN 10 AN o1
sed JoLLIED ,seyd
10 aseyd aIqON A1euonei§
XI1ew UON313p .
S0URIAJY SIUSUILLO)) opdureg Jo yrury suonIpuod syderdorewory) JUonR  ,POUYRW gniqg

312

(pomuiuo2) T AT14V.L



313

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(p1€ "duo panuuo)) )

feer]
,NG 12 Sﬁm—

2l
v 12 oqny

[o1]
v 13 S3YIRIN

[62)
[['H pu® uiey

ASNOW 9y} Wl WSI[OqB)aU
pUR $O11AUIOOBULIBYJ

AZorooewreyd feoturp
‘uafonu Fuul jo yon
-glAyyew pue dnosd TN
JO uoneAozuaqoIONyE)
-uad-HO-,$ JO UONRIATIS

B0 91} UI SONIUIYOIBULIBYJ

18D Y} Ul SONAUOJBTUIRY, ]

RSBl

BUISP[J

ruIselg

ewse]J

1o (yw 0g) areydsoyd

-udFoIpAYIp wniuowwe

Furureiuos (a/A ‘06 01)

Tw/3u mor| I191BM—O[LIHIUOIDY (B)

[wu/8u g SUBYISA

01 Jo1 aos ‘Surmwesd
Tw/guzre  -od jueafos xodwo)

(a/A ‘01.06) 2p1wr
-BULIOJIAYISWIP-N N~V
JUDATOS ‘g JUDdA[OS ‘(Y

¢) eydsoyd wniuowue
-[fingeanay pue (g 9 Hd

‘W (7) sreydsoyduss

-01PAYIP WNIHOWWR ‘Y

JUSA[OS UONNYS JulIpesd

10 (A/A G L 6 T6) opiw
-euLIof[Ayourp-N‘ N8 9

(An) Hd ‘ww o1) areydsoyd
[w/Su gog -ueSoIpAYIp WNIUOWUTY

9% x 0g ‘wr
$) 8-d¥ 991
-umog ‘uwn
-[00 prenn

(wwe

T x Y ¢ usewm
0Z1-001)

O woy)) sen
U0 L1-AO %¢E

(w94 x
067 ‘wirl ¢ pue
ww 9y x Q01
‘wrf g)  puoq

-0[94D) om} ‘7
uuwm[oo ‘(wu
9% x 051
‘wr §) $ISI
nouayuig
‘1 uwnyo)

(e

9% x 0ST
‘an §) J181D
XAWAN[(}

(q) 10 {(ww
9% x 067 ‘wrl
$) SO 2royds
-eny( (&)

(1) SW
(@) 10 AN (®)

SN

01

oD

O

(Wuzgrz) AN D101

v 10
(wu $67) AN

1

(zpiaa



C M RILEY eral

{a/r ‘o 09) (W
§7 ‘7 L Hd) sregdsoyd

el WNIUOWWEB-A{LI) U008
w12 A1dd g 1U9A[08 (W CT G € (ww g ¢
‘loL] A112g UBWE UI $01j9UTY HJ) JrpwIo] WNMIoWwE  x (§g ‘W §)
pue Ausery -oovwueyd pue WSIOQEIdA SULI() ‘BWSe[] “y juA[os juatpeln) %'y qrosordiy
(A/A“D1 06)
SPIUETLIOJATISUHP-N ‘N
~/ 1URA[OS 'f 1UIAJOS
‘(u ) sreydsoyd winy
-owWwR[AINg eI PUE (§ 9 (wrw
Hd ‘ww o) Neydsoyd 9 x 0ST
-uaforpAyrp wmuwow  ‘wr’ §) JIRID
-WE ‘Y JUSA[OS uonn|d XOWa1y)
yuorpeid 10 (A/A $'1°G°76) (q) 10 (ww
IpruBULIO A Ylap 99 x 0ST
SNN-(8 9 HA ‘wrt 6)
l62] o1) sreydsoyduagorpAy SO areyds
[ITH pue uffey] 1ed oY) Ul sonsuijodeuleyd ruIse[d w/gu g0z -Ip wnIuowwe (€) -P1in (B)
[(esting
(w go1) Megdsoyd 94 x 057wt
-usBoIpAyIp Wnowme 9} ¥ xeqioz
Fureyuod (A/a ‘66 6) “awunjod et
JAeM—ou0IdY (q)  -14eue ((ww
Seg JoI11ED ,oseyd
1o aseyd oMiqoIN Kreuonelg
XLIyew ,UON319p - A
$0URJOY Sleliiilve] ajdureg Jo yury suonipuos owdeidorewoly))

314

73]
(wu 00g) AN D1 A0S
vy 10
(wu $$7) AN !
o0 ,POYIRI Snu

(panurjuo7) T 4T4V.L



(91¢ duo panutyuoy)

315

[eel
1 12 YOI

(1l w
J2 wweluog

[¢6] 10 12
Froquidg ‘[ze)
o 12 sdijiyg

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

[z8l
v 12 [Py

1AOPLUPE JO S19S1P

AU} JO WSOQPIAUL 0.414 U]

asnowr
pu® 1e4 Ul SAIPNIS UOK]

Aajuows 2y} pue

vl 3y} Ul sonsurjodetlIeyd

48D pue

sonounjooruLeyd [ROIUND) duLIn ‘Bwse]d

sappuajowoy
[RUL$IIUL
pue 1Al

sonssty pue (V) AU 1°0
-NQINSIP PUR WSHOQRII duLIn *Bwsk]

PWISE[d

(8/4*0¥.09) (z L Hd

‘Wi ¢7) eydsoyd um
-TUOTIIB—J[LIHUOIOE ‘g
13108 ('L HA ‘W 57)
argdsoyd wniwouwe

Jw/3u 07 ‘Y JUDA[OS JUSIPBID)

(woapqouad eondjeue

iy uo 3upuadap 9

pu® ()] USM]IIQ PILIPA X
a1aym ‘A/A X—01x) (S ¢

Hd ‘i ¢) oreydsoyd

SN WRIUOWWE [OURYIdA
POUIILIONIP 99 0) Stk eue
pu® poylatl uotyoIp

uo urpuadap pasn
JudIpRI3 JudIapLg (A/A
X—-000%) (¢ HA ‘W

20 0) togng oyeydsoyd

(AN 'S'™N —joueglow judIpRIL)
(08 02) (ywr 0g) *opnq
Jw/u g aeydsoyd-joueyiop

(ww

6¢ x 00¢

‘wrf 0p) "D
yedepuogr

(e

9% x g ‘wr
01) £-SA0
ol TisuIrd +
(ww g4 x o5
wrf 1) XJS
01 1stred
‘SUWN|09
1eonAreue
(ww 9

x 0£) sdO

124 0D ‘v
-[00 prenny

(wre

99 x 05T W
¢) £-8AO I1s
-nied uwnjoo
[eonATeuE

‘Iled 0D ‘uwn
-]02 p1ieno

(urw

9p x 0sT ‘wr
§) ¥y xady
,:ES_CO _ﬂg
-Apeue ‘(wr
£6-1£) SAO
TR ‘uwin
-[02 prenn

(wu $$7) AN

(wit $67) AN

vy 10
(wu €/7) AN

(wu $$7) AN

1

2T D1

1

AT

9

JIAODIDUBD

(91) DVId

(€1) Lyp



C M RILEY er al

[68] 11eD

431
\3 12 IOSIA

tril
v 12 Yunpip

fsegll
upASg pue

ISSOPEWIOS

$30U219J0Y

(o110 Ajrend

sonauryoorwlIeyd (st

sonunjoseueyd [eura)

SIUSUIWIO))

316

(wu

6¢ % 00t

wrt 01) *'D

(a/a‘Lg'¢l)  edepuog
wiem—JouryPdn (q) (q) 10 (ww 4

10 (a/a ‘g Gg) oueIOW  x OPE ‘WA Q) (rp
sdoIp akg SN ~QUBYJIWOIOTYNC(®) pseiodgr (e) (W $67) AN 1 SwWpLNXOp[
(a/A ‘8T TL) TourmAW—(I7 (wuw g
10 ¢) Meydsoydun. x gz ‘wwd G)
-luowme (q) 10 (A/A  ¢-8dO XIS
‘¢ L6) [ourgaW-(poe  GTOT-{IsnIed
ouoydsoyd yum ¢ Hd) (q) 10 (Ww Z¢ (WU $57) AN
(w 10 0) pydsoydwn % g7 ‘wrig)  (q) 10 ([DTY
(AN 3d o2 -luowwe ut (¥ 1 0)  £-SAO $70] /BV sa A
(aa) 3 o1 sretoyosed urnupog (v) Isuleg (v) 7 1+)ad(e) o1
(HO®N s
¢’ Hd) (W §) syeucyins (s
QuLIn (wnios) -ouejuad wnipos pue 9 x 0§ ‘wl
puB Wnig [w/3u s (pyw <) 2ArI0E WNIPOS ¢) isoofdng (WU $67) AN 1
(a/a
‘S TS L6) AQUNUOIE-(9°T
Hd ‘pww g7) taynq dAeyd (o
-soyd wmssejod ul (ywr § x Qg ‘W
vlseld  [w/Su g ) pwe swojnsoueidoy ¢} §1-4d WAL (WG p67) AN og!
sed JoLLed ,seyd
10 aseyd afqoN KIeuoneig
X1ew pUON0215p h T
aidureg Jo wum suorpuod ordesgoreuwrony)) JuonR13g  LPoYleW fniqq

{(ponuniuod) T A1AVL



317

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(81§ *d uo panuijuo)) )

[98]
[ 12 YoIuRIL)

{eg] 1oq[iny
pue yjuwg

(8] v 12
UOIAYUBATYS

[¢8]
.NG 19 EO.E&

[1e]
11 12 2fjoyomwig

o6}
v 12 189dazg

uwnjod dn-uesd
ajguoroqAusyd ‘poylaw
VA M uosurduwo))

iziiiii[viel
dn-ueap 91EUCIOQIAULYJ

sonaurjooewreyd yestur)

wsrjogelow
pue :Oﬁﬁboﬁo& Ie[3O

o414 ut ‘SISK[OIPAH

48D pue
SULIN ‘WINIag

sojeidse
[eayoen
pue aussn
Sun[ ‘winiag

Bwse]d

wnisg

Jowny
snoanby

QUON

(poe ouoydsoyd gum
st Hd ‘wwor ‘sz HI)

Wup  eydsoydwuniuowrury
(a2 1 66) TouByIIW

—(8pIXOIPAY WNUOWUIR

yum ¢ ¢ Hd ‘()

w/sugpp  9reydsoyd wmnirowwry
Twi/3u o1 1B
Jwr/Su 001 INEM
(a/a

SN ‘66-1) I01BA-PIOR D120V

(a/a

SN ‘06°01) 11BM—JOouBYION

(e
6 ¢ x 00€ XT

wrf 1) ¥
yedepuogr

(ww gy
X 0§T ‘W §)
815 qIos0IoIN

(ww

9y x 0T
‘wrf §) 81-dd
¢ glosolynry

(ww g x 057
awrl 7) 815
qiosoIyDIY

‘ummnjod
[eonATeus
“ed-prend
81-d¥ ‘uum
-[02 plenny

00edd
stodenby

(uurax

6't x 00€
‘wrf 1) '
yedepuogr

(wu $ez) AN

(wu £07) AN

(wu 0§2) AN

(wu 207) AN

(wu 067) AN

(wu 797) An

o1

o1

Al

DT (€) utnaeqry
wn

DAl pue (¥1)
D1 Lulpunxopy

1



(v 0sL “L's 1)
eydsoyduddoupAyrp win
-[UOWIIE g JUSA[OS ‘(Jyul

(wwr

9% x 08T
wrl 3]) XVS
O_ ﬁm&uﬂ&

(ww

9t x 0§ ‘T
¢) psiadAry
SO Io (ww
§ x 0gT wr
01) XVS 01
psnred “(ww
6 € x 00¢ XC
wd o)) 1D
yedepuogr ‘g
uwnjod ‘(wiw
9% x ¢ ‘wr
¢) nssodAy
10 (Www 9

x 0§ ‘wr g)

nsediH SO
‘1 uwmjo)

(wur g

x W[ ‘gsowr
001-08) dH M
QIOSOWOoNy))

uo (¢ 48

Jseyd
Areuonels

suonipuod sydeiforewory))

S .
o § ‘¢ ¢ Hd) arydsoyd
e [09] urwyd01g oo ojut pajuefdun -uo80IpAYIp WNIHOUWIWE
rrnu pue asoy S[[9 BIWAYNS] UBWINE]  S[[90 IOOUR)) SN ‘Y TUSA[OS JUSIPBID)
=
=
Q
[8s]
UOSuI2)§ puB (98 pue
7PN ‘28] gop ay) pue Gg SJoI 23s) wWLIsAs Fur
v 12 A3y UPWL UI SOUSUIYOIBUWLIRYJ vwIseld w/Su gy -yoyms Twnod xa[duio))
(ouun) (w/Su
[ov1] pinzag SOMBUMOIPWL auun  Qos ‘(winias) (D,0£7 duuN D OpT
pue Zoqoy -reyd [eoururo ‘uoneAg PU® wnisg [w/Su ] —G/ ] WNI3s) SUPYIdN
sed Ia11Ied
10 aseyd afiqoA
XLIJRWE ALGlE] -
saoudIRJ Y SIUDWWO)) adwreg Jo g
0 [P
-

(D

(wu $$7) AN DT SuIqeIPpIA

{2

(wu $$7) AN DT-DT  sprwexoqiy
SI-ID 20

LAONN(L PO g

(parutiiod) 7 414V.L



319

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(0Z€ "d uo panunyuo) )

fee1l
suf20 pue

Isoyuaa o

izl
JU 12 UUBRDIN

[co]
12 J9PA0IYOS

[+9]
m 12 enRd

[¢9] urwgney
pue uewimoyg

[z} »

D12 [emIedY

[19] odzern
pue Iapauyog

UONR[AYIOW-Io] SUON

aunm
sonjourjooewteyd [eoIun))  pu® Bwse|

unsay LAund Sna(g JUON

SUON

JuLn pue
sojdwies [eorur)  JSD ‘pwised

48D pue
S3IPNJS [EOTUID) QULIN “BUISE| ]

Joumy
SoIpnys snoanbe
aidojoweyydo urwng  pue Bwseld

SN (D,0T2-007) usSomiN

(A/a *g1 €) [ourmRW-Y
JUSA[OS ‘g JUA[OS (W
07) 218I0qEII2] WNIPOS

[w/Sug | ‘Y JUDA[OS :JUADRIL)
(sz¢

Hd ‘wyw o) greydsoyd

jowd ¢  -usSoipAyrp wnissejod

S[LIIU0}AIE IO [ourylow

Jo sjunoure snourea snid
(€09 HA *A/a ‘T ®) yw

01) @1eydsoydusgorpiy

-Ip wnruowwe—(

SN §/)91vIoqrIe) WNIpog

(uum) /3
STUSD  (aA'964) (W ¢ ‘7L
pue vpwise]d) Hd) poe omojmsaueiuad
[w/3u 9os WNTPOS—I[INIU0IDY

(A/A L°€) V 1uon]OS
—[OUBYIAW ‘g JUIA[OS
‘wut 0]) 9reydsoyd
-uogoapAyIp wnssejod

jowd ¢ ‘Y JUOA[OS JUSIPBID)

(6-S Hd ‘Ww

Jug 07—6) 2IrI0q WNIPOS

(proe omoans
M pajoeas
07 xemoqie))
dVIS %l

(o
9% x 05T

‘wrl ¢) $qO
¢ qiosuaydg

(o

9% x 0T
‘wrf 01) SAO
01 Psuded pue
2Ty sopmorg

(ww ¢ x 05T
‘wr 01) SA0
10 8y 5z/01
SXd [1snIed

(w

9% x 08T
‘wr 6) §-4g
qI0SOIYDIT

(wur
9% x 0S1

‘wrl §) SAO
arydsenin

(o
L€ x 0ST)
87V YduIuy

dld

wu
STy “y “wu
S1€ ) 14

(wu $$7) AN

(wu $57) AN

(uu 057) AN

(W $57) AN

(wu $67) AN

20D

o1

1

o1

1

1

o1



C M RILEY er¢

(ww 94

x 05T ‘W Qf)
81~ nisouoog
‘awnyos [est

-1Aeue “(wur
9% x 001 ‘wrf
@z HD (/a‘0800)  8£-0€) SAO
sunmn areydsoyduaoipAylp  [[2d 0)) ‘uwin
P 12 YexpRUQ) 1B 9Y) UL OUOUNOJBULIEY — pUB BWSEld  [W/Sugy]  wmissejod-o[iiuoly -[00 prenny (WU 997) AN 1
(ww 9 ¢ x
05T ‘wr ¢)
81 areyds
-0qQI0Spy
‘uwnjod
[eanAeue
(/A *¢8 G1) (ww gy x
‘(aprxoapAy wnwowwe ¢ ‘wr ¢) £
i £ 7 Hd ‘proe ouoyd a19ydsoqios
-soyd 941 0) areydsoyd -py ‘uwn (I
[9] 12 pooy  sonpurooruLreyd [EOIUI) wing VU (0]  WNIUOUWIUIE—o[LI}IU0}00Y -[oo prenn (WU L97) AN O QuipnaopiZ
[st1] ABeinog
pue [gpi‘1p1]
Konsey (D.§97-092)
pue £3emnog UONBAI0Y Bwseld [w/3u 05 wnieH 0£-dS %0¢  dld 10 ddN 2D
seg JauaPd ,oseyd
10 aseyd o[IQO N Areuonmg
XLBw RIGTRSE mmo
S90URIROY SIUSUITIO)) sidwrg Jo | suonipuod oryderdorewory) J0191g PO Snuqg

320

(ponunuo?) T 41GV.L



321

CHROMATOGRAPHY OF ANTIVIRAL AGENTS

(zzg d uo panwiiuo) )

[c1) yosnug
pue I1oyequig

[11] Anyomes
pue eAepay

lo1]
[0 12 S9YYeN

fel
12 F10QIapU)

[8] wowojog

o414 1 ‘uonepeISSg

PAIJUNOOUD SUOYBIUIIUOD
Jo 23ukl 10J JUN0IE
0] SPIBPUE]S [RUIIUT OM,

B0 Y} Ul SONAUNYOIBULIRYJ

sarjeunjooruLIeyd [eoIUID

SUON

sunn
puE BWSE[]

BUWISE[]

suun pue (ewseld)

pue ewIse[d

wnisg

(A/A ‘16:6) WIOJOIO[YD
~[OUBYIOW f IUIA[OS
{(A/A ‘66:]) WIOJOIOTYD
—[OUBRYIOUI ‘Y JUSA[OS
Juerprad (q) 10 (A/a
‘G166 ourlaW-(y W
01 ‘¢ Hd) 1eynq areyd
-soyd ‘g juaAjos {(a/a
‘S1¢6) TourRW-(Jy W O]
‘e gd) 1pnq sreydsoyd

SN Y JUdA[0S JudtpRID) (B)

(16:6) (W
01) @reydsoydusdoipAyrp

[W/Su ¢ WNIUOWWE—2[LIJU0IY

(01 “joI 2905) Surmrmeid

w/8u z1§ -o1d juaajos xo[dwo))
(ouLm)
Tw/3u oT

(a/n ‘g:78) rouryIOW—(S

[w/Su o7 Hd ‘9, 1) poe ooy
(a/a

‘16:6) (Ww o€ “T'T HA)

[w/3u 11 9reydsoyd—o|Lniuoi0y

(ww ¢

x 0sT ‘wrl oY)
6N Tsnaeq
(q) 10 (wrax
9y x O5g ‘wr
01) -SA0
Tisteg (€)

(wux
9y x 0S1

w €) 8101
[1sooradng

(wur 9 x
0$T ‘wrf ¢ pue
wut 9'y x 00f
‘wif ¢) [ puoq

-010AD) om] 7
uwngod f(wu
9% x 0§1
‘wrf §) IST
UOLIdNULJ
‘[ uwnfo)

(ww

6'¢ % 00
wr o) 8dd
n_.ﬁomo.EUS

(wrw

T x 001
wrf €) #'0

AN o1

(ww 997) AN 1

(wmu 297) AN DT1-D1

(wu $97) AN 2!

(wu 997) AN o1



C M RILEY et al.

322

‘o1dwes (82130101 JURAD[DI JUJ U JIWI| UOINDIAP Y] S8 Passaidxd usaq sey s1y} ‘9[qissod 1oy

sosojuared wi UQAIS (W UI) IjWEIp [Bulul x (ww ul) f3udp “(uwrd ur) aspwerp opnted P [euojew oseyd LIBUOTIEIS JO SWIRU PUBIY

amydes uonoop = DY ‘snioydsoyd-uaSoryiu = N ‘uoneziuol owey = L ‘Aeidsowtoy) = 1 ‘1ordur uoLde =

1d ‘UOIBZIUOT [BRWRYD = D) ‘Anjoworioads ssewt = G ‘A1ATI0BOIpRI = Y ‘sosoyjuared u1 usard [enuajod Sureiado [Im [BIIWISYO0I09[R = (Y ‘sesayjuased
ur ueAl8 syjSuspaaem AEJ\V UOQISSIWD pue ASS UOTIRIIDXD M DUD0SAIONY = 71§ ‘sasayjuaied ur yI3usppaem uondalap yum uondiosqe B[0MBNM = AN
Aydeigdorewonyd 1aded = HJ ‘Aydeifoy

-ewolyo sed = DO ‘AydreiSojeworyd takpl-ulyl = D[ ‘pPoylowl uwnjod-pajdnos = (D)1 ‘Sugonms-umm(od = T 7 ‘Aydreaforewolyo pmbry = )

(a/a 06 01) (1 £ HD (ww 9 ¢
Io1] ayeydsoyd uaBoapAyip  x g ‘und g)
p 12 uewnn[y  sonaunjodewieyd [edIUI) rUISE[ Jw/du o wnissejod—joueyely  psedAH @O (Wu £97) AN 1
(wwr g ¢
x 001 ‘ur of)

815 psouoog
‘uwnoo [eol
(8/a*08 07) (T'7 Hd ‘yw -h[eue (ud

fs1] §7) AeydsoyduadorpAyip  ge-0g) 112d 0D

P 19 1ePRU[}  )BI Y} Ul SONQUIYOJRULIBYJ ewSRld  [W/Su¢'Zl  wnisselod—opUo0Y  uWn[od prenny  (wu 997) AN 08!
[+11 (A/AL8€1)  (Wwp x 00T
pItuydg pue POYIOW D3} BIHOIE-TIIS (€9 Hd ‘A o71) 2950w 6) €-5AO

jpruyostadny]  ‘sonauryoorwIeyd eotui) BUISE] [w/du 0 9reydsoyd-o[niuolsoy S-psued (WU £97) AN 1
sed JauIed Joseyd
10 aseyd 9[Iqo Aeuoneis
Xujeuw LUOTIONIIP - E—

SAOUDINJY SIUWWO)) ojdwrg Jo pumry suonIpuod Jydesorewony)) JUOTIAR( POyl Fniq

(ponuniuer) ¢ I19V.L



CHROMATOGRAPHY OF ANTIVIRAL AGENTS 323

TABLE 3

ABSORBANCE MAXIMA (4
OSIDES

) AND MOLAR ABSORPTIVITIES (g) OF SELECTED NUCLE-

max.

Source M Windholz, S Budavan, R F Blumetti and E S Otterbein (Editors), The Merck Index,
Merck, Rahway, NJ, 1983.

Nucleoside Solvent Arnax e
(nm) (M tem™)
Adenosine Water 260 15,100
Cytidine Water (pH 8 2) 271 9,100
Water (pH 2 2) 280 13,400
Cytarabine (2) Water (pH 2 2) 2125 10,230
281 13,170
Water (pH 12 0) 2725 9,259
Idoxundine (14) Water 288 7,410
Guanosine Water (pH 5 5) 188 26,800
2525 13,000
Thymidine Water (pH 7 2) 206 5 9,800
267 9,700
Undine Water (pH 7 3) 205 9,800
261 10,100
Vidarabine (1) Water (pH 1.0) 2575 12,700
Water (pH 7.0) 259 13,400
Water (pH 13 0) 259 14,000
FAC FMAU — uv
FMAC == CPM
- 8,000
E FAU \
o 4 — 6,000
~ 4
) H
@ i
g P — 4000 3
8 i o
g fo
< PaC 1 - 2,000
iy Flau
LMLt U
e AT LY LT TN Ay, o

Time (min)

Fig 3 LC of urme collected during the first 6 h after intravenous admmistration of 100 mg/m? FIAC (16)
spiked with 190 uCi of [2-**CJFIAC LC conditions see Table 2. (Reproduced from ref 93 with permis-
sion )
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Fig 4 Fluorescence excitation and emussion spectra of acyclovir (5) at pH 2 0 and the effects of mobile
phase pH on the relative fluorescence intensity (Reproduced from ref 117 with permission )

pH 2. Salamoun et al. [117] also showed that the fluorescence intensity was inde-
pendent of the presence of organic solvents, oxygen and sodium sulfate (up to 0.1
M) The fluorescence intensity of acyclovir (5) was found to increase with decreas-
ing temperature [117] and maximum sensitivity was obtained by maintaining the
detector flow cell at 2°C. Using this approach [117], detection limits of 1 ng/ml
were achieved for acyclovir (5) after separation from plasma on a hydroxyethyl
methacrylate column (Spheron Micro 300) with a mobile phase of phosphoric
acid (0.1 M) in sodium sulfate (0.1 M) (pH 1.8). The method [114] was applied to
a single-dose (5 mg/kg, intravenously) pharmacokinetic study i the dog It
should be noted that the concentration of acyclovir (5) found 12 h after admunis-
tration of the dose was about 300 ng/ml, which i1s much greater than the detection
limit for the method and also could have been achieved by other detection meth-
ods (Table 2). Nevertheless, LC-ED for acyclovir (5) [117] could prove very
useful if high sensitivity is required or when the available sample size is small.
While derivatization is essential for the analysis of the nucleosidic antiviral
drugs by gas chromatography (GC), pre- or post-column derivatizations have
rarely been used for their analysis by LC Chemically, the nucleosides and their
bases are relatively unreactive compounds and they are not generally suitable for
pre- or post-column chemical modification by the reagents commonly used in LC.
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In addition to their lack of reactivity, the compounds in question tend to contain
more than one functional group available for derivatization and steps must be
taken to prevent incomplete reaction as well as the production of multiple-reac-
tion products.

Notwithstanding these undesirable chemical properties, reactions have been
described for the pre-column fluorogenic derivatization of adenine and cytosine
analogues [118-126]. Adenine, cytosine and their derivatives react with chloro-
acetaldehyde to give the corresponding 1,N®-etheno derivatives (Fig. 5) which are
highly fluorescent [118-126]. The reaction (Fig. 5) has been applied to the pre-
column derivatization of adenine derivatives [117,121] for LC applications and
Leonard et al. [122] have described the use of chloroacetaldehyde as a spray
reagent in thin-layer chromatography (TLC). Although pre-column derivatiza-
tion with chloroacetaldehyde (Fig. 5) has not been widely used in the determina-
tion of antiviral drugs by LC, McCann and co-workers [121,124] have adapted
this reaction (Fig 5) to the sensitive and selective determination of vidarabine (1)
and its metabolite ara-AMP in plasma and urine. Being chemucally unstable,

H

o ' H

\C
=N
/

\”‘ HZC

o Clﬁ» s
HO 0w

KO\OH lio*on ‘i

1a 1b

H

[y e
(- @D

Fig. 5. Fluorogenic derivatization of vidarabine (ara-A) (1) with chloroacetaldehyde [118-126]
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chloroacetaldehyde has to be prepared in situ from its dimethyl acetal [124] and
then titrated with bisulfite to determine its concentration. Additionally, both
chloroacetaldehyde and its dimethyl acetal are potent lacrimators Consequently,
chloroacetaldehyde is not a convenient reagent, which probably explains why it
has not been widely used for the routine bioanalysis of drugs. Another similar
reaction, potentially useful in the pre-column derivatization of nucleosides, is that
based on the fluorometric determination of adenine and its derivatives by reac-
tion with glyoxal hydrate trimer [127].

Ray [128] has described the determination of acyclovir (5) in human plasma
and urine by a quantitative TLC procedure that used fluorescamine as a deriv-
atization reagent. It was claimed that the TLC method gave results equivalent to
those obtained by LC. Unfortunately, the author did not propose a structure for
the fluorescent derivative and gave no indication of its stability.

2.1.1.3. Electrochemical detection. Whereas adenine derivatives are easily re-
duced at mercury electrodes [129], the other purines and pyrimidines can be
oxidized at carbon electrodes [130]. Unfortunately, the electrode potentials re-
quired for oxidation are high (> 1.0 V vs. Ag/AgCl) and, for that reason, ED has
not been widely used for the LC analysis of nucleosidic antiviral drugs. Chatten
and Amankwa [131] have described the electrochemical properties of idoxuridine
(14) and bromovinyldeoxyuridine (BYDU) (15) and showed that both com-
pounds exhibited well defined dc and differential-pulse polarographic waves with
half-wave potentials of —0.97 and — 1.8 V (vs. saturated calomel electrode) for
idoxuridine (14) and BVDU (15), respectively. From these observations, they
were able to develop a differential-pulse method for the determination of idoxuri-
dine (14) in pharmaceutical formulations [131]. The electro-reduction of these
two antiviral drugs was attributed to the fission of carbon-halogen bonds, in-
dicating that ED in the reduction mode may be a viable option for the LC
analysis of halogenated nucleosidic antivirals.

Visor et al. [132] have described the amperometric detection of acyclovir (5)
and ganciclovir (6) in LC eluents (Fig. 6). They have reported a detection limit of
200 pg for a 50-ul injection and showed that the method was useful for monitor-
g the chemical degradation of ganciclovir (6) in vitro. The detection limit for
ganciclovir (6) by LC-ED was claimed to be about five times lower than that
achievable by UV detection; however, the high oxidation potentials required for
detection of ganciclovir (6) (+ 1.2 V vs. Ag/AgCl) limit the usefulness of LC-EC
for determinations in vivo.

2.1.1.4. Mass spectroscopic detection. The nucleosides and related compounds
as a whole are relatively non-volatile and the analysis of these compounds by
GC-MS is generally preferred to analysis by LC-MS as an aid to structural
identification. Nevertheless, Blau et af. [133] have demonstrated the value of
thermospray LC-MS in the positive-ion mode as an aid to the confirmation of
2',3’-dideoxyinosine (DDI) (12) as a major metabolite of the antiviral drug 2°,3’-
dideoxyadenosine (DDA) (9) in the mouse.
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-

E, V vs. Ag/AgCI

P TR S T SN W S T . 1+ 1+ | Current
u Amps

7.08| 119.13

e

Fig 6 Cychc voltammogram and LC-ED of acyclovir (5) ED conditions sample, 10~ 3 M acyclovir (5) n
0.1 M sodium perchlorate (pH 3), glassy carbon working electrode, Ag/AgCl reference electrode, Pt
auxihary electrode, scan rate, 100 mV s~ Key (A)acyclovir (5), (B) tyrosine (internal standard). LC-ED
conditions see Table 2 (Reproduced from ref 132 with pernussion )

2.1.2. Separation systems

The nucleosides are characteristically very polar organic compounds that are
relatively insoluble 1n both aqueous and non-aqueous solvents. This has impor-
tant implications in the bioanalysis of nucleoside-related antiviral drugs because
it can mean that they are difficult to isolate from biological fluids by liquid-liquid
extraction. Additionally, the high polarity of these antiviral drugs largely pre-
cludes the use of normal-phase systems [89,128,134] for their determination in
biological fluids and most methods have used either reversed-phase or, to a lesser
extent, ion-exchange systems (Table 2).

2.1.2.1. Reversed-phase systems The majority of reversed-phase methods for
the analysis of the nucleoside-related antiviral drugs require hydrocarbonaceous
(typically ODS) supports of moderately high carbon load to achieve significant
retention of these highly polar compounds (Table 2). Relatively acidic mobile
phases are preferred (pH 24, with phosphoric or acetic acid-based buffers) and
retention has generally been manipulated by adjustment of the pH of the buffer or
the concentration of organic modifier (typically methanol). The retention of these
nucleosides can be related to the hydrophobicity, which 1n turn determines the
concentration of methanol (or acetonitrile) required to elute the compound of
interest from a hydrocarbonaceous support Fig. 7 shows the approximate con-
centrations of methanol that have been used to elute various nucleosidic antiviral
drugs from ODS phases with reasonable analysis times.
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Cytarabine
Vidarabine
Ribavirm
Riboxanude
Ganeclovir
Acyclovir
Zudovudine
DDA
BRVDU
Idoxuridine
d4T
Carbovir

0 10 20 30

Antiviral Drug

Methanol (% , v/v)

Fig. 7 Approximate concentrations of methanol used to elute varous nucleosidic antiviral drugs from
ODS stationary phases. The figure was generated from the data in Table 2 This graph 1s intended to be a
gude to methods development and to provide a measure of solute hydrophobicity.

The LC of the very polar antiviral agents vidarabine (1), cytarabine (2), ribavi-
rin (3) and riboxamide (4) is particularly troublesome because in general they can
only be retained on reversed-phase supports with purely aqueous mobile phases.
This limits the options available in separation optimization and can also result in
long analysis times arising from late-eluting endogenous substances. Fortunately,
the chemical modifications made to alter the pharmacological properties of the
antiviral drugs have resulted in compounds with increased hydrophobicity. The
more hydrophobic nucleoside analogues are better retained by reversed-phase
supports and therefore easier to analyze by LC. Fig. 7 shows that the removal of
the 2’- and 3'-hydroxyl groups from the sugar moiety results in substantial in-
crease in the affinity of DDA (9) for ODS phases compared with vidarabine (1).
The introduction of a C*'~C3*' double bond 1n combination with the removal of
the 2’- and 3'-hydroxyl groups further enhances hydrophobicity such that the
antiviral drugs 2’,3'-didehydro-2',3’-deoxythymidine (d4T) (13) and carbovir (8)
require greater than 20% methanol in the mobile phase for elution from a re-
versed-phase column. The other substitution which appears to increase hydro-
phobicity substantially and, hence, retention on reversed-phase supports is the
introduction of halogenated functional groups in the 5-position such as iodo (in
idoxuridine, 14) or 2-bromovinyl (in BVDU, 15).

The most widely used support for the reversed-phase LC of these compounds
as a whole has been uBondapak C,;s, 300 mm x 3.9 mm) (Table 2)
[46,56,57,67,72,78,80,86,87,89,90,94]. However, ODS-based 5-ym materials of
similar carbon load (10-15%) such as Ultrasphere ODS [54] permit similar sep-
arations to be achieved with shorter columns (e.g. 150 mm) and shorter analysis
times. Whereas various ODS phases have been employed for the bioanalysis of
these agents, the mobile phases reported by different groups for the same com-
pound have been remarkably similar. This is probably because the options avail-
able for the manipulation of retention of these compounds, being very polar, are
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limited. For example, all the nucleosidic drugs with the exception of d4T (13) and
carbovir (8) have very poor retention on hydrocarbonaceous phases if the con-
centration of methanol (or acetonitrile) is greater than about 12%.

Nucleosides and their synthetic derivatives contain both acidic and basic func-
tional groups. In principle, the manipulation of retention and selectivity of these
compounds on reversed-phase materials is possible, and knowledge of the pK,
values may be useful in separation optimization (Table 4). However, because of
the pH constraints of most silica-based stationary phases, the only pK, that is
relevant to consider when optimizing the separation of nucleosides is that associ-
ated with the protonation of a nitrogen 1n adenine, guanine and cytosine. The pK,
of this group ranges from 1.6 in guanosine to 4.6 in cytosine {Table 4) Retention
of the nucleosides is generally greatest when the solutes are neutral, and pro-
tonation of an amino group generally leads to reduced retention. However, the
use of an acidic mobile phase in which the solutes are ionized does introduce the
possibility of ion-pair chromatography. For example, the advantages of adding
alkylsulfonates to the mobile phase have been demonstrated in the reversed-
phase LC of the acyclic guanosine derivatives acyclovir (5) [66-68] and ganciclo-
vir (6) [73.74].

The nucleosidic antiviral drugs can be expected to be neutral or cationic within
the pH range (2.5-7.5) in which silica-based bonded phases are stable and the
observation of poor peak shape because of interactions of polar functional
groups with residual silanols 1s rare. Therefore, there is little theoretical basis for
expecting the retention of these compounds themselves to be influenced by the
addition of hydrophobic cations such as tetrabutylammonium. Nevertheless,

TABLE 4
pK, VALUES OF VARIOUS PURINES, PYRIMIDINES, NUCLEOTIDES AND NUCLEOSIDES

Solute pK.*

NH,* -NH -POH
Uraal - 945 -
Thymine - 9.94 -
Cytosine 4 60 122 -
Adenine 415 9.80 -
Guanine 330 9.20, 12.3 -
Adenosine 3.30 125 —
Guanosine 16 92,123
AMP 374 605
ADP 395 626
ATP 400 648

4 Taken from Edsall and Wyman [135] A more complete discussion of the 1onic equilibria of purines,
pynmidines, nucleotides and nucleosides 1s to be found 1n the review of Izatt ez al [136]
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there have been several reports of the value of adding hydrophobic cations to the
mobile phases of reversed-phase systems developed for the bioanalysis of nucleo-
side-related antivirals [55,79,95,96,99]. These types of cations may be used to
enhance the retention of oppositely charged metabolites (phosphates) and to
manipulate the retention of potentially interfering ionic substances present in
biological fluids. The nucleoside analogue riboxamide (4) i1s a very polar com-
pound and is poorly retained on most reversed-phase supports. Riley ez al. [87]
have shown that even though riboxamide (4) is unionized in mildly acidic mobile
phases, 1ts retention may be enhanced on silica and several ODS columns by the
addition of hexadecyltrimethylammonium bromide (HTAB) to an aqueous mo-
bile phase. The mechanism by which HTAB enhances the retention of riboxamide
on silica gel or reversed-phase columns is unclear but 1t probably arises from
interactions with HTAB adsorbed onto the stationary phase rather than as a
result of interactions in the mobile phase.

The pK, values (Table 4) associated with dissociation of either an enolic group
or a hydroxylic group of the sugars are between 9 and 12, and dissociation of
these groups is unlikely to affect the retention of nucleosides on silica-based
phases. However, dissociation of these acidic groups may be important in the
chromatography of these solutes on alkaline-stable phases such as polystyrene—
divinylbenzene co-polymer columns (e.g., PRP-1). Smith and Walker [68] and
Reeuwijk et al. [96] have described the use of PRP-1 columns for the analysis of
acyclovir (§) and BVDU (15), respectively, in plasma, and both groups obtained
adequate resolution and good chromatography in mildly acidic mobile phases.
Furthermore, Smith and Walker [68] claimed better stability of PRP-1 columns
compared with Zorbax ODS in acidic mobile phases (pH 2.3) for the biocanalysis
of acyclovir (5) and Reeuwijk er al. [96] have claimed better peak shape on the
same polymer-based column for the chromatography of BVDU (15).

2.1.2.2. Ion-exchange systems and borate complexation. Both anion- and cat-
ion-exchange chromatography have found applications in the analysis of nucleo-
sidic antiviral drugs in biological fluids and other media. Whereas cation ex-
change 1s potentially useful for the chromatography of fully protonated
nucleosides at low pH and has been used for the analysis of acyclovir (5) [130] and
cytarabine (2) [54] (Fig 8), anion-exchange chromatography has been found to
be particularly useful for the analysis of negatively phophorylated metabolites. In
particular, several methods based on anion-exchange chromatography have been
described for the separation of cytarabine (2) and vidarabine (1) and their numer-
ous metabolites. Indeed, one of the first column LC applications described in the
literature [39] was the application of 10n-exchange chromatography to the metab-
olism of cytarabine (2) in leukemia cells. It is interesting to compare the broad
peaks obtained 1n very early attempts at the LC of nucleosides and related com-
pounds on Dowex 1-X2 (approximately 150-200 um, Fig. 8d) [39] with what can
be achieved on 5- or 10-um silica-based ion exchangers [54,60] or reversed-phase
[55] columns (Fig. 8 a, b and c¢).
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Borate ion reacts with c¢is-1,2-glycol structures and, to a much lesser extent,
with the corresponding trans structures, to form a rigid five-membered ring sys-
tem (24) (Fig. 9). Therefore, the borate ion reacts strongly with ribonucleosides
and much less strongly with similar nucleosides in which one or both of the 2’-
and 3'-hydroxyl groups have been removed or they are in the less reactive trans
configuration. The stereospecific nature of this reaction has been used widely in
nucleic acid chemistry and forms the basis of the Boeseken test [137]. The com-
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plexation by borate ion of nucleosides in the mobile phase imparts a negative
charge to an otherwise neutral molecule allowing the compound to be retained on
an anion exchanger. Alternatively, if a cation-exchange column is employed then
the negatively charged complexes are excluded from the negatively charged sta-
tionary phase. Complexation with borate can be particularly helpful in improving
the separation of arabinonucleosides [e g. cytarabine (2) and vidarabine (1)] from
the corresponding isomeric nbonucleosides. Fig. 8, which shows the partial reso-
lution of ara-ADP from ADP and ara-ATP from ATP, exemplifies the problem
of separating ribonucleosides from the corresponding arabinonucleosides. Pal
[43] has demonstrated the value of borate complexation in the resolution of arabi-
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nonucleosides, ribonucleosides and 2’-deoxyribonucleosides on anion ex-
changers. With borate in the mobile phase the elution order is ribonucleosides,
arabinonucleosides and 2’-deoxyribonucleosides, reflecting the extent of com-
plexation with borate and the resultant amount of negative charge carried by the
complexes.

The stereospecific complexation of nucleosides with borate has also been ap-
plied in sample clean-up methods with boronate affinity gels [46,85,87]. Pallav-
icini and Mazrimas [46] have used this technique (Fig. 9) for the selective 1solation
of arabinose-containing compounds in biological fluids, making use of both the
difference in affinities of arabinose- and ribose-containing compounds and the
dependency of the reaction on pH. After loading the biological sample, the arabi-
nose-containing compounds were eluted in ammonium acetate (pH 8.8) and the
ribose-containing compounds were eluted in formic acid.

2.1.2.3. Column-switching systems. The majority of compounds in this class of
drugs are highly polar which leads to poor retention on reversed-phase supports
and the need for weak chromatographic eluents (i.e. low concentrations of organ-
1c modifiers). If the compound of terest 1s also neutral then ion-pair or ion-
exchange techniques for the enhancement of retention are not viable options.
This problem is illustrated in the analysis of riboxamide (4), which 1s an analogue
of ribavirin (3) Ruley ez al. [87] found that the retention of riboxamide (4) on
most reversed-phase supports was poor but could be increased by coating ODS
columns with HTAB Nevertheless, purely aqueous mobile phases were still re-
quired for retention and this led to excessively long retention times for a number
of endogenous compounds. The problem was solved [87] by a column-switching
technique in which two ODS columns, both coated with HTAB, were linked
together by an automatic switchting valve. Separation from biological fluids was
then accomplished (Figs. 10 and 11) by transferring the fraction of mobile phase
containing the riboxamide (4) to column 2 as it eluted from column 1. This
method was initially applied to the analysis of riboxamide (4) in plasma. Sub-
sequently, Meltzer and Sternson [88] showed that by modification of the extrac-
tion procedure, the method was also applicable to the determination of the drug
in urine, which is a more substantial analytical challenge than plasma because of
the very high concentration of polar interferences 1n urine.

Liversidge e al. [53] have described an interesting column-switching procedure
for the simultaneous analysis of cytarabine (2), its metabolite ara-U and salicylate
1on [a formulatory adjuvant used to enhance rectal absorption of cytarabine (2)].
In this method, a short (3 cm) ODS pre-column was connected to two longer (10
cm) ODS columns which were arranged in parallel. The mobile phase conditions
were such that the salicylate was switched from the pre-colunn to the first analyt-
ical column in one fraction and the cytarabine and the ara-U were switched to the
second analytical column in a second fraction.

Concerns for the safety of laboratory workers handling biological fluids con-
taminated with the HIV virus have prompted Mathes et a/. [10] and Kupfer-
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schmidt andSchmid [14] to develop a column-switching procedure for the analy-
sis of the anti-AIDS drug zidovudine (11) in biological fluids. Mathes ef al. [10]
chose to employ a column-switching arrangement similar to that shown 1n Fig. 10
in which the plasma was injected directly into a Pinkerton internal-surface re-
versed-phase column where zidovudine and the internal standard 2’,3'-dideoxy-
cytidine (DDC) (10) were separated from the plasma proteins. The zidovudine
(11) and DDC (10) were then separated from each other on two cyclodextrin-
bonded phases (100 mm x 4.6 mm and 250 mm x 4.6 mm) linked in series. A
different approach to the automated analysis of zidovudine (11) has been de-
scribed by Kupferschmidt and Schmid [14]. To minimize sample handling in this
method the plasma was first loaded directly onto an ODS solid-phase extraction
cartridge. The zidovudine (11) was then eluted from the ODS cartridge onto on
AASP cartridge for subsequent on-line injection onto an analytical LC column
(PartiSphere 5 Cs or C; or Partisil 5 ODS-3).

2.2. Gas chromatography

LC with UV detection is the method of choice for the determination of the
nucleosidic antiviral drugs because they are non-volatile compounds often con-
taining several polar functional groups, a situation not well suited to analysis by
GC. Nevertheless, GC [138-145] can offer advantages over LC for the determina-
tion of nucleosidic antiviral drugs if higher sensitivity 1s required. Furthermore,
GC-MS [138-145] 1s particularly useful if higher selectivity is required for the
structural determination of metabolites.

Becaus of their polarity, derivatization of nucleosides 1s essential prior to their
analysis by GC, and several standard procedures have been adapted to the GC
analysis of nucleosidic antiviral drugs. Derivatization procedures that have been
used [138-145] for the GC of nucleosides include silylation, alkylation, acylation
and N,O-permethylation. Trimethylsilylation of the hydroxyl groups successfully
reduces the polarity of the sugar moiety, but trimethylsilyl (TMS) derivatives of
nucleosides containing a primary amino group are difficult to form [142] and
derivatives of cytidine and adenosine have to be reacted 1n two steps Acylation is
a viable alternative to trimethylsilylation of the hydroxyl groups but this ap-
proach also results in poor chromatography of nucleosides containing a primary
amino group.

Boutagy and Harvey [141,142] have described a GC method for the determina-
tion of cytarabine (2) and its deaminated metabolite Ara-U. Ara-U could be
determined in biological fluids following acetylation with acetic anhydride; how-
ever, methylation of the amino group with diazomethane was also required for
the simultaneous determination of cytarabine (2) (Fig. 12). Detection limits of
40-70 ng/ml for cytarabine (2) in plasma are possible with nitrogen-specific detec-
tion and detection himits of 1 ng/ml are possible by GC-MS. A similar method
involving acetylation and methylation has been described subsequently by Maki-
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no et al. [143] for the determination of the metabolites of N*-behenoyl-1--D-
arabinofuranosylcytosine, namely, cytarabine (2) and Ara-U. Roboz and Suzuki
[140] have described the determunation of ribavirin (3) in plasma and urine by
GC-MS. In this case derivatization of both the hydroxyl and the amino group of
the carboxamide moiety could be achieved in a single step by reaction with a
mixture of N,O-(bis)trimethylsilyltrifluoroacetamide (BSTFA) and trimethyl-
chlorosilane (TMCS).

2.3. Specific methods for the bioanalysis of nucleoside antiviral drugs

The conditions for the bioanalysis of the nucleoside antiviral drugs are sum-
marized in Table 2. The important 1ssues that have been raised in the chroma-
tographic determination of these compounds are discussed in details in this sec-
tion. These issues include sample pretreatment, special considerations in the
separation from endogenous compounds, metabolites and other drugs, apphca-
bility of the methodology to metabolism studies, pharmacology and pharmacoki-
netics, and comparison with other non-chromatographic methods.

2.3.1. Arabinosides
2.3.1.1. Sample pretreatment. The arabinosides are highly polar compounds
that are not easily extracted from biological fluids and tissues into organic sol-
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vent. Consequently, urine, cerebrospinal fluid (CSF) and other protein-free sam-
ples can be analyzed by direct injection [49,54]. Whereas direct injection of plas-
ma has also been advocated [54], most methods for the analysis of plasma or
serum involve precipitation of protein with trichloroacetic acid, perchloric acid
and acetonitrile [42,44,50,53,54), followed by centrifugation and injection of the
supernatant. Precipitation of protein with acctonitrile has been claimed to be
superior to precipitation with acid but broad peaks result unless the solvent is
evaporated to dryness and the residues are reconstituted with mobile phase [59].
This is also the general method of choice for the pre-treatment of cells
[39,40,46,47,55,60]. Ultrafiltration has been advocated as an alternative to precip-
itation for the deproteination of plasma [61,62]

Deamination of vidarabine (1) and cytarabine (2), which may continue in
biological fluids after collection of the samples, should be prevented [53,54] by the
addition of enzyme inhibitors (tetrahydrouridine or pentostatin). The use of
phenylboronate affinity columns for the selective isolation of arabinonucleosides
in the presence of the ribonucleosides was discussed in Section 2.1.2.2. An al-
ternative approach for the removal of ribonucleosides that might otherwise in-
terfere with the analysis of arabinonucleosides involves the selective oxidation
with periodate [52,146].

2.3.1.2. Chromatographic methodology Although vidarabine (1) and cytara-
bine (2) possess both antiviral and antineoplastic acitivities, the former has been
developed predominantly as an antiviral agent and the latter mainly as an anti-
tumor agent. However, it was considered helpful to discuss the analysis of both
compounds because of their similar structure and properties. Being isomers of
adenosine and cytidine, the antimetabolites vidarabine (ara-A) (1) and cytarabine
(ara-C) (2) are extensively metabolized by the same pathways as the naturally
occurring nucleosides. Both cytarabine (2) and vidarabine (1) are phosphorylated
in mammalian cells as well as being deaminated to 9-f-p-arabinofuranosyluracil
(ara-U) (29) and 9-8-p-arabinofuranosylhypoxanthine (ara-Hx) (25), respectively
(Fig. 13) [11.

Because of the high polarity of vidarabine (1), cytarabine (2) and their metabo-
lites, the methods of choice for their analysis in biological samples are LC in the
reversed-phase, reversed-phase 1on-pair or anion-exchange modes (Table 2). The
high polarity of these compounds generally limits the usefulness of GC for rou-
tine quantitative analysis in biological fluids; however, GC-MS 1s invaluable for
the identification of metabolites [138,139,141-143].

The extensive metabolism of these compounds (Fig. 13) presents a significant
challenge to the bioanalytical chemist concerned with development of methodol-
ogy for the determination of these drugs and their metabolites because the com-
pounds of interest contain different charges, which may lead in turn to a general
elution problem. Although they are highly polar compounds, the nucleosides can
be retained on reversed-phase supports in their unionized forms and they are
generally well separated from each other. The structure-retention relationship for
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nucleosides on hydrocarbonaceous supports has been described by Pompon et al.
[147] who found that the order of elution was C<U <G <T<A and that the
arabinonucleosides were slightly more retained than the corresponding ribonu-
cleosides. Accordingly, numerous reversed-phase LC methods have been de-
scribed for the determination of cytarabine (2) and its metabolite ara-U (29)
[40,42,44,46,48-50,53,54,55,58,59] and vidarabine (1) and its metabolite [60—
63,118] ara-Hx (25) (Fig. 13) in plasma [40,42,44,46,49,50,53,55,58,59,62,63,118],
whole blood [54], urine [40,62,63,118], aqueous humor [61] and CSF [49,62,63].
Vidarabine (1) and cytarabine (2} are only retained on hydrocarbonaceous sup-
ports with very weak, predominantly aqueous mobile phases This generally re-
sults in long retention times for many of the polar endogenous components pres-
ent in biological fluids, which in turn leads to overall chromatographic run times
of 30-60 min. Bowman and Kauffman [63] have shown that the total chroma-
tographic run time for the analysis of vidarabine (1) and ara-Hx (25) can be
reduced to 8 min if the late-eluting components are extracted with chloroform.

The major extracellular metabolites of vidarabine (1) and cytarabine (2) are
ara-Hx (25) and ara-U (29), respectively, and these are the relevant analytes for
analytical methodology developed for pharmacokinetic investigations of these
drugs. In contrast, the major intracellular route of metabolism is phosphoryla-
tion leading to accumulation of mainly the phosphate esters (2628 and 30-32),
with the triphosphate esters (28 and 32) being the predominant intracellular spe-
cies The nucleotides typically elute at the solvent front under reversed-phase
conditions that are optimal for the analysis of the corresponding nucleoside.
Therefore, LC methodology developed for the study of the cellular pharmacology
of vidarabine (1) [60] and cytarabine (2) [39,41,45-48,52,55] generally involves
anion-exchange [39,41,45-48,52,60] or reversed-phase ion-pair [55] chromatogra-
phy (Fig. 8 c and d) in which the retention of the negatively charged phosphates
(26-28 and 30-32) 1s enhanced via electrostatic interactions.

2.3.2. Ribavirin and riboxamide

Although the antiviral drugs ribavirin (3) and riboxamide (4) do not contain a
purine or a pyrimidine nucleus, their chromatographic properties are similar to
those of the nucleosides and it is convenient to discuss them in this section.
Ribavirin (3) and riboxamide (4) are electronically neutral but extremely polar
compounds that can only be retained on hydrocarbonaceous support with com-
pletely aqueous mobile phases. Therefore, the options for the manipulation of
therr retention on reversed-phase supports are limited and the weak eluents re-
quired for adequate retention of 3 and 4 result in long retention times for the
endogenous components. Two different multi-dimensional approaches have been
described to solve the problem of late-eluting peaks in the reversed-phase LC
analysis of 3 and 4. Riley ef a/ [87] have described an automated column-switch-
ing procedure (Figs. 10 and 11; Section 2.1.2.4.) in which riboxamide (4) is sep-
arated from plasma. This method was later adapted to the analysis of urine by
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Meltzer and Sternson [88]. An alternative approach has been described by Smith
and Gilbert [85] who used an off-line phenylboronate affinity column (Section
2.1.2.3.) to isolate ribavirin selectively from plasma and other biological fluids
and tissues. Ribavirin (3) was then separated from the other ribonucleosides and
related compounds that were co-cluted from the boronate affinity column by
reversed-phase LC with an overall chromatographic run time of 10 min.

Granich er al. [86] have described the advantages of LC methodology over
GC-MS [140] and bioassay [148] for the analysis of ribavirin in biological fluids.
They concluded that LC was superior to the other two methods in terms of speed
of analysis and ease of performance. They also performed a quantitative compar-
ison of the LC methodology of Smith and Gilbert [85] with the radiormmunoas-
say (RIA) technique described by Austin et al. [149]. They concluded that the
RIA method was more sensitive but the two methods gave equivalent results for
the quantitative determination of ribavirin (3) in plasma within the clinically
relevant range of concentrations. Furthermore, the RIA method was found to be
more suitable for the processing of large numbers of samples because the bor-
onate affinity column clean-up necessary for LC analysis was not easily automat-
ed. However, RIA requires specific anitserum, which is not commercially avail-
able, and many laboratories prefer to avoid the use of radioisotopes.

Ribavirin (3) is extensively metabolized (Fig. 13) with 1,2,4-triazole-3-carbox-
amide (33), ribavirin-5’-monophosphate (34) and ribavirin-5'-triphosphate (36)
being the major metabolites. The phosphorylated derivatives are not retained by
hydrocarbonaceous supports and, although ion pairing has been suggested [85] as
a potential method of retaining the phosphate esters of ribavirin (33-35) on re-
versed-phase supports, this has yet to be demonstrated. It is of interest to note
that despite lacking the ribose function, 1,2,4-triazole-3-caboxamide (33) appears
to be more polar than the parent drug and is therefore less retained on an ODS
column. Nevertheless, Paroni et al. [83] have identified suitable conditions for the
simultaneous analysis of ribavirin and 1,2,4-triazole-3-carboxamide (33) in bi-
ological samples. Of course the boronate affinity clean-up procedure is not appli-
cable to the simultaneous extraction of 1,2,4-triazole-3-caboxamide (33) and ri-
bavirin (3), which can only be accomplished by a complex procedure mvolving
ultrafiltration and solid-phase extraction [83].

2.3.3. Aeyclic 2’'-deoxyguanosine analogues

The determination of acyclovir (5) and the related antiviral drug ganciclovir
(6) by reversed-phase [69-71,117], reversed-phase ion-pair [66—68,71-75] or 10n-
exchange [132] LC is relatively straightforward (Table 2) and UV detection gener-
ally provides adequate sensitivity for plasma or serum [66,67,70-73,117], urine
[66] and CSF [72] analyses. The opportunities for electrochemical [132] or fluo-
rescence [117,128] detection of 5 and 6 in applications requiring greater sensitivity
or where the sample size is limited have been described earlier in this review (see
Sections 2.1.1.2. and 2.1.1.3.). Neither of these drugs are readily extracted from
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biological fluids into an organic solvent and the preferred method for the depro-
teination of samples such as plasma, serum or CSF is by precipitation with aceto-
nitrile [67], aluminum sulfate [66,74], perchloric acid [70] or trichloroacetic acid
[73,75].

Deproteination produces a clear supernatant which is generally reported to be
free of chromatographic interferences. However, Wiltink ez a/. [74] have indicated
that plasma samples from seriously ill patients may produce several chroma-
tographic peaks, probably arising from other drugs, that can disturb the assay of
ganciclovir (6). Because of the structural similarity of ganciclovir (6) and acyclo-
vir (5), it is reasonable to assume that similar interferences can also arise in the
LC assay of acyclovir (5) from the plasma of patients receiving multiple-drug
therapy. Wiltink et a/. [74] have shown that potential interferences in plasma can
be removed by extraction with chloroform.

Desciclovir (7) is a prodrug of acyclovir (5) that has been developed in an
attempt to increase the blood levels of acyclovir (5) following oral dosing. Desci-
clovir (7) itself has no antiviral activity but is converted to acyclovir by the action
of xanthine oxidase [76] (Fig. 14). Petty and co-workers [76,77] have described an
LC method for the study of metabolism [77] and pharmacokinetics of desciclovir
(7) in man. Because their methodology was capable of separating acyclovir (5)
from its major metabolites, carboxyacyclovir (37) and 8-hydroxyacyclovir (38), it
should also be useful for pharmacokinetic investigations of the active drug, acy-
clovir (5). Although only partial separation of carboxydesciclovir (39) and 8-
hydroxyacyclovir (38) was obtained with that method [76,77], this did not com-
promise the usefulness of the method because 8-hydroxyacyclovir (38) was not
detected in the plasma or urine of patients receiving desciclovir (7).
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RIA [150-152] and enzyme-linked immunosorbent assay (ELISA) [153] are
viable alternatives to LC for the bioanalysis of acyclovir (5) and ganciclovir (6) in
the clinical setting Although cross-reactivity of antibodies is always a concern in
immunoassays, Sommadoss: and Bevan [73] have shown that RIA [151] and LC
[73] methodologies are equivalent for the quantitative determination of ganciclo-
vir (6) in plasma. Furthermore, they also concluded that LC was superior to
immunological techniques when rapid results were needed. Other disadvantages
of immunological assays include the need to develop antisera and/or monoclonal
antibodies.

2.3.4. 2',3'-Dideoxynucleosides

Changes in the substituents at the 2'- and 3’-carbon atoms to the nucleosides
have resulted in several compounds with significant antiviral activity, a number
of which (8-13) are in various stages of clinical development. Within this class of
drugs, zidovudine (AZT) (11) has received the most attention because it was the
first drug found to be effective in reducing the morbidity and mortality associated
with severe HIV infection. Carbovir (8), 2',3'-dideoxyadenosine (9), DDC (10),
DDI (12) (a metabolite of 9) and d4T (13) are in various stages of clinical or
pre-clinical development. They are expected to have significant impact on the
treatment of various viral infections and HIV infections in particular.

The 2’',3’-dideoxynucleosides are substantially more lipophilic than the corre-
sponding naturally occurring nucleosides and as a result they tend to be more
retained by hydrocarbonaceous supports. Consequently, isocratic or gradient
elution reversed-phase LC are the methods of choice for the determination of
these drugs and their metabolites in biological fluiids and tissues. Furthermore,
the increased lipophilicity facilitates sample preparation for the determination of
the 2',3'-dideoxynucleosides 1n biological fluids, which generally involves a simple
liquid-liquid extraction [7,9,11,15,78], liquid—solid extraction [6,13,81,82,98,133]
or direct injection [10,14] (Section 2 1.2 3.).

Because of the widespread clinical interest in zidovudine (11), several LC
methods have been described [6-16] for the determination of this drug in biolog-
ical fluids such as plasma, serum, [6-11,13-16] or urine [7,9,11]. Following in-
travenous injection into human subjects, zidovudine (11) 1s cleared mainly by
metabolism (60%) to the 5'-O-glucuronide (41) (Fig 15) or by excretion of the
unchanged drug (25%). Because of first-pass metabolism, the oral bioavailability
in man of zidovudine (11) is only 60% and significant inter-subject variability has
been reported [6-16]. When studying the pharmacokinetics of zidovudine (11) in
detail, LC methodology [6,9,16] which is capable of determining both zidovudine
(11) and its major metabolite (41) should be used (e g. Fig. 16). On the other
hand, when measurement of the glucuronide is of no interest for example in
therapeutic drug monitoring, then Unadkat ez al. [7] have suggested that a rapid
and simple LC method for zidovudine (11) alone may be sufficient. Alternatively,
Granich et a/ [13] have recently described a fluorescence polarization immunoas-
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Fig 15. Metabolism of zidovudine (AZT) (11), 2°,3"-dideoxycytidine (10) and 2',3’-dideoxyadenosine (9)
The metabohe steps leading to the mono-, di- and triphosphates have been omitted for clarity
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say (FPIA) for zidovudine (11) which is claimed to be more sensitive than LC.
The FPIA requires only 50-60 ul of plasma compared with 200-500 ul for a
typical LC method, and interference from 41 and other related compounds is
insignificant. Additionally 45 samples per hour can be analyzed by FPIA com-
pared with 3 per hour by LC, making the former particularly attractive for the
therapeutic drug monitoring.

The metabolism of 2',3’-dideoxyadenosine (9) and 2’,3'-dideoxycytidine (10)
proceeds via phosphorylation and deamination in the same manner as 1 and 2
(Fig. 13), with the former reaction resulting in the major intracellular products
and the latter being the major mechanism of clearance from the body. Ion-ex-
change LC with radioactivity detection [80] has been described for the determina-
tion of 9 and 10 and their phosphorylated metabolites. Reversed-phase [80,81] or
reversed-phase ion-pair [79] LC with UV detection represent more convenient
methodologies for pharmacokinetic investigations in which determination of the
DDI (12) and 2',3'-dideoxyuridine (DDU) (42), metabolites of 10 and 11, respec-
tively, are more relevant. Anticipating the further metabolism of DDI (12) to
hypoxanthine (43), xanthine (44) and uric acid (45), Kalin and Hill [79] have
developed a reversed-phase method for the simultaneous determination of all the

t
[
- il
B

- GAZT
<« |§
o AZT

Absorbance Units (267 nm)

¢« GAZT

I P IS TR TN
= -
] N
S <
PR RN S | 1 i
3 5 9 12 15

Retention Time {min)

Fig 16. Determination of zidovudine (AZT) (11) and 1ts major metabohte (GAZT) (41) n human serum
(A) Normal serum from five donors, (B) serum from an AIDS patent prior to receiving 11; (C) serum
obtained 2.5 h after oral administration of 11 Conditions. see Table 2 (Reproduced from ref 6 with
permission )
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Fig. 17 Separation of (A) a mixture containing 500 ng each of the standards of DDA (9), DDI (12),
hypoxanthme (Hx) (43) and uric acid (UrA) (45), (B) blank mouse plasma and (C) plasma from a mouse 5
min following mtraperitoneal admimstration of DDA (478 mg/kg) The mternal standard was N-meth-
yl-2’-deoxyadenosine Conditions see Table 2 (Reproduced from ref 79 with permission )

possible catabolites of DDA (9) (Fig. 17). By administering tritiated 10 they [79]
were able to show that deamination is the major mechanism of clearance of the
drug. Previously, Blau et a/. [133] had shown using LC-MS that deamination of 9
can occur, in vitro, in RPMI-1640 growth medium as well as in human and mouse
plasma.

2.3.5. 5-Halo-2'-deoxynucleosides

5-lodo-2'-deoxyuridine (idoxuridine) (14) was the first clinically useful anti-
viral drug. Systemic toxicity, however, has limited 1ts application to the treatment
of infections of the eye and skin caused by the Herpes viruses. Therefore, most of
the LC methodology developed for the analysis of idoxuridine (14) has concen-
trated on applications such as quality control [89,131] and stability testing [90].
Sincholle ez af. [91] have used LC with UV detection to study the corneal metabo-
lism and penetration of idoxuridine (14) and the related antiherpetic drug 5-
iodo-2'-deoxycytidine (17). Because the two drugs (14 and 17) were separated on
an Aquapore RP 300 column with a mobile phase of acetic acid—water (1:99, v/v),
one drug could be used as an internal standard for the determination of the other
in the aqueous humor of the rabbit.

The clinical effectiveness of idoxuridine (14) against Herpes simplex virus and
its structural similarity to the potent antimetabolite 5-fluorouracil has resulted in
the synthesis of a number of biologically active 5-halo-2'-deoxynucleosides [1].
Out of this group of potential antiviral drugs, (15) and FIAC (16) have emerged
and have shown sufficient promise 1n animal and tissue culture models to warrant
further clinical investigation.
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The analysis, pharmacokinetics and metabolism of FIAC (16) have been stud-
ted extensively by Philips and co-workes [92,93] using reversed-phase LC By
administering [2-'*C[FIAC to mice, they were able to show that the major metab-
olite of FIAC (16) arises from deamination to 2’-deoxy-2'-fluoro-5-10doarauri-

NH, NH;
I
@ ]
o)\N o)\N
HO HO
O‘F . O\F
OH OH
FIAC (16) FAC (47)
0] o]
H I H
\N \N

O)\N Ie)
HO HO
OH

OH
FIAU (46) FAU (48)

N CH; \

0)\N
HO 0 N
o f
> H
OH

BVDU (15) BVU (49)

Fig. 18 Metabohsm of FIAC (16) and BVDU (15) The metabolc steps leading to the glucuromdes of
FIAC (16) and the mono-, di~ and triphosphates of BVDU (15) have been omutted for clarity
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dine (FIAU) (46) (Fig. 18) with deiodination to 2'-fluoroaracytosine (FAC) (47)
and 2’-fluoroarauridine (FAU) (48) and glucuronidation representing less impor-
tant metabolic pathways (Fig. 17). In contrast, after administration of [2-
4CJFIAC to dogs, the 24-h urinary radioactivity was mainly composed of un-
changed drug and the deiodinated products (47 and 48). The initial studies on the
metabolism of FIAC (16) in mice and dogs involved precipitation of proteins with

perchloric or trichloroacetic acid, followed by separation on an ODS column

with a linear gradient of 0 to 30% methanol in a sodium phosphate buffer (0.02
M, pH 3.0). Subsequently, this group [93] used the same analytical methodology
to study the metabolism and pharmacokinetics of FIAC (15) following intrave-
nous administration of the drug to immunosuppressed patients with Herpes virus
infections In man, FIAC (16) was found to be cleared primarily by deamination
to FIAU (46), which is an active metabolite and was cleared much more slowly
than the parent compound. Therapeutic levels of FIAU (46) were maintained for
more than 12 h, leading to the conclusion [93] that the antiviral activity of FIAC
(16) observed in vivo is due to its primary metabolite rather than the drug itself.

Several LC methods have been described [94-97] for the determination of the
antimetabolite BVDU (15), its major catabolite 5-bromovinyluracil (BVU) (49)
[92,93] and 1ts major intracellular anabolites, the mono-, di- and triphosphate
esters [93,95]. Because they are neutral molecules, BVDU (15) and its primary
excretory metabolite BVU (49) are most easily separated by reversed-phase LC,
which permits separations on the basis of hydrophobicity. On the other hand,
anion-exchange chromatography represents the most convenient method for the
separation of BVDU and 1ts phosphate esters [93,95].

Reeuwijk et al. [96] have criticized the early methods [94,95] for the determina-
tion of BVDU (75) for having complex and time-consuming sample preparation
steps. For example, the method of Ayisi ef ¢f. [95] involves deproteination with
perchloric acid followed by lyophilization of the supernatant obtained after cen-
trifugation. The method of Robinson et af [94] 1s less complex but still involves
extraction of the drug from plasma into ethyl acetate followed by phase sep-
aration, evaporation of the solvent and reconstitution of the final residue in
mobile phase Reecuwijk ef a/. [96] have developed a simpler method for the analy-
sis of BYDU (15) in plasma, which involves deproteination with perchloric acid
followed by direct injection of the supernatant onto an ODS column and detec-
tion at 307 nm. They also showed that the extent of plasma—protein binding of
BVDU (15) could be determined by ultrafiltration through YMT membranes
(Amicon, Danvers, MA, U.S.A.) (cut-off 30 000 daltons) and direct injection of
the filtrate. Because of the low concentration of BVDU (15) excreted unchanged
into human urine, solvent extraction was still necessary for the analysis of the
drug in urine. Reeuwijk ez a/. [96] did not discuss the analysis of BVU, the major
metabolite of BYDU, and 1t may be concluded that the simpler method described
by this group would be useful for routine pharmacokinetic investigations (i.e. in
therapeutic drug monitoring) where information on the metabolism of the drug is
not required.
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3 OTHER ANTIVIRAL DRUGS

The non-nucleoside antiviral drugs (Fig. 2) represent a diverse group of com-
pounds that, with the exception of amantidine (19) and rimantidine (20), are
structurally unrelated. It is convenient to discuss the chromatographic analysis of
these compounds individually. The details of the analysis of these compounds are
summarized in Table 5.

3.1. Arildone

Arildone, 4-[6-(2-chloro-4-hydroxy)phenoxylhexyl-3,5-heptanedione  (18)
(Fig. 2) is a compound with activity against both DNA and RNA viruses. It is
particularly active against Herpes virus types 1 and 2. Benzinger ez al. [154] have
used various LC, TLC, GC and column chromatography systems to 1solate and
identify several metabolites of arildone (18) in the plasma, feces and urine of
laboratory animals, following administration of ['*CJ-arildone. They found that
the drug was extensively metabolized by O-demethylation, loss of the hexyl-3,5-
heptanedione side-chain and conjugation with sulfate (Fig. 19). In the dog, mouse
and rat, the drug 1s mainly excreted in the feces as the unchanged drug and as
O-desmethylarildone (DMA) (50). All the metabolites of 18 shown in Fig. 19
were found in the body fluids of experimental animals; however, Benzinger et al.
[154] have indicated that the 2-chlorohydroquinone (CHQ) (51) found in urine
was probably an artifact arising from the degradation of its sulfated conjugate
(52) during isolation by ion-exchange chromatography

Whereas LC with radioactivity detection can be used for the identification of
metabolites in experimental subjects, it 1s not suitable for routine clinical in-
vestigations. Furthermore, LC with UV detection does not provide adequate
sensitivity because concentrations of arildone (18) 1n body fluids and tissues are 1n
the range 1-250 ng/ml (or ng/g). Park e al [155] have described GC methodology
with electron-capture detection (ECD) for determination of arildone (18) in plas-
ma, feces and urine. This method was used by Bosso er al. [156] to study the
percutaneous absorption of arildone from various topical formulations. The
methods for the analysis of plasma and urine involved extraction with hexane,
evaporation of the solvent and derivatization of the residue with O-(2,3.4,5,6-
pentafluorobenzylhydroxylamine (PFBHA). The derivative of arildone (18) was
chromatographed on 3% OV-1 supported by Gas-Chrom Q at 275°C with a
carrier gas of methane—argon (7:93, v/v). Derivatization of the f-diketone groups
gave rise to E- and Z-isomers which were resolved by GC. Quantification of 18
was simplified by the use of a short column which allowed the two peaks arising
from the 1somers to merge. Park ef a/l. [155] have also reported on the binding of
arildone to glass and GC columns. This binding was aggravated by silanization
but could be minimized by injecting high concentrations of the derivatives prior
to the analysis of the samples Derivatization of fecal extracts gave rise to numer-
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Fig. 19 Metabolism of arildone (18).

ous peaks which interfered with the determunation of 18 and could not be re-
moved by extraction. This problem was solved by derivatization of 18 in fecal
extracts with 3-nitrophenylhydrazine.

3.2. Amantidine and rimantidine

Amantidine (19) is a symmetrical C-10 primary amine with significant activity
against various strains of influenza. Amantidine (19) is also used widely for the
treatment of Parkinson’s disease. Rimantidine (20) is a close structural analogue
of 19, which is reported [157,158] to be better tolerated than 19 in man. Hayden
and co-workers [158,159] have reported that the reduced toxicity of 20 compared
with 19 is a result of the lower plasma concentrations of 20 that are achieved for a
comparable dose

Because they lack a suitable chromophore or electrochemically active func-
tional group, amantidine (19) and rimantidine (20) are generally unsuitable for
direct analysis by LC. The method of choice for the determination of these two
drugs in biological fluids has been GC [157-172]. Pre- or post-column deriv-
atization of the primary amino group would be necessary for the determination
of 19 and 20 in biological fluids by LC The fact that this has not been reported in
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the literature probably reflects the adequate nature of existing GC methodology
rather than any particular difficulty in the development of an LC method. Al-
though several metabolites of 19 such as N-hydroxy-1-amino adamantane, 1-
nitrosoadamantane, 1-nitroadamantane, 1-acetamidoadamantane and 1-ami-
no-3-hydroxyadamantane have been isolated from the urine of experimental ani-
mals [161,167,169], no such metabolites have been reported in man and the GC
methodology developed for clinical studies has concentrated on the determina-
tion of the parent compound. Recently Hoffman et al. [172] have shown that the
main metabolites of rimantidine (20) 1n the mouse are ring-substituted isomers of
hydroxyrimantidine.

Amantidine (19) is an unsaturated aliphatic amine (pK, approximately 9.0
[160]) that can be extracted efficiently at high pH from biological fluids into a
variety of organic solvents such as benzene [160], toluene [162,163,166,168,169]
or diethyl ether [165,167]. Solid-phase extraction onto cyano-bonded solid-phase
extraction cartridges (e.g. Bond Elut CN) has generally been employed for the
pre-treatment of urine and plasma samples containing rimantidine (20) despite
being structurally similar to 19. Early GC methods [160,163,167,168] for 19 relied
on flame-1onization detection (FID) of the underivatized compound and allowed
the determination of 19 1n plasma and urine with detection limits of approximate-
ly 100 ng/ml and 4 ug/ml, respectively. Belanger and Grech-Belanger [169] have
suggested that these detection limits are adequate for most clinical investigations.
However, there is considerable inter-patient variability 1n the plasma concentra-
tion of 19 following oral dosing and, for a given dose, the plasma concentrations
of 20 arc lower than those for 19 and the sensitivity of FID may be inadequate for
certain clinical applications For example, Hayden et a/ [158] have found that the
mean (+ S.E) plasma concentrations of 19 and 20 in human subjects 4 h after
100 mg oral doses were 300+ 98 and 140+ 68 ng/ml, respectively. Detection limits
of 5-25 ng/ml have been reported for both 19 and 20 with ECD or MS, following
derivatization of the analytes with pentafluorobenzoyl chloride [158,159,170,
172], acetyl chloride [162], trichloroacetyl chloride [162,166], isothiocyanate [165]
or N-methyl-N-(terz.-butyldimethylsilyDtrifluoroacetamide [171].

Several internal standards have been claimed as being suitable for the determi-
nation of 19 in biological samples. These include amphetamine [162,166], 2-am1-
noadamantane [163], f-phenethylamine [167] and chlorphentermine [168]. Be-
langer and Grech-Belanger [169] have criticized the use of f-phenethylamine [167]
as internal standard in the bioanalysis of amantidine (19) because it is an endoge-
nous compound that 1s excreted in appreciable amounts in urine. Fukuda ef a/
[170] and Herold er «l. [171] have described ds;-rimantidine and d4-rimantidine,
respectively, as being suitable internal standards in stable-isotope dilution assays
involving capillary GS-MS for the determination of rimantidine (20) in biolog-
ical fluids.

Unlike 19, 20 contains a chiral carbon atom and the drug is administered as
the racemic mixture. Recognizing the possibility for the stercoselective disposi-
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Fig 20 Structure (20a) of the diastereomeric dertvative of nmantidime (20) The chiral centers are indicated
by an asterisk

tion, Miwa et al. [173] have developed a GC-MS method for the determination of
the two enantiomers of 20 i plasma. The method for the determination of the
enantiomers of 20 involved solid-phase extraction, derivatization with a chiral
reagent to form diastereomers (20a, Fig 20), negative-ion chemical ionization
(NICI), selective-ion monitoring and stable-isotope dilution. The derivatization
reaction of 20 with (+)-x-methyl-a-methoxy(pentafluorophenyl)acetic acid was

0.2r m/z 379

Intensity {voits)

0.8 m/z 383

3 B-ds
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Fig 21 Selected-ton current profiles from a 72-h post-infusion plasma sample from a subject given 200 mg
oral dose of rimantidine (20). The 1 0-m! plasma sample was spiked with 100 ng of tetradeuterated nmanti-
dine The upper chromatograms of the rimantidine-d, diastereomers are labelled A-d,, and B-d, and from
the rimantidine-d, diastereomers (internal standards) are labelled A-d, and B-d, (Reproduced from ref
173 with permission )
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catalyzed by 1,3-dicyclohexylcarbodumide and 1-hydroxybenzotriazole hydrate,
which are known to couple amino acids and peptides without racemization. The
actual 10ns utilized for quantitative measurements were [M — HF — CH3O0HJ" at
m/z 379 and 383 for the derivatives of rimantidine (20a) and the internal stan-
dard, d,-rimantidine, respectively. The two diasteriomers were formed in unequal
amounts and the intensity ratio of the peaks A and B (Fig 21) varied between 1:2
and 1:1 but was generally about 2:3. This variability did not affect the quantifica-
tion because it was compensated for by the variation in the derivatization of the
enantiomers of the internal standard. Interestingly, when the method was applied
to a pharmacokinetic study in healthy volunteers, they found no differences in the
disposition of the two enantiomers of 20 in the plasma and urine; however, only
one enantiomer was generated following treatment of urine with glusulase (Du
Pont Pharmaceuticals, Wilmington, DE, U.S.A.). It was not known whether the
observed stereospecificity was the result of i vivo formation or the failure of the
glusulase to hydrolyze one enantiomer.

3.3. Moroxydine

Moroxydine (21) 1s an orally active biguanide antiviral agent. Because 1t is a
highly polar compound and lacks a suitable chromophore or electrochemically
active functional group, moroxydine (21) must be derivatized prior to its analysis
in biological samples by GC or LC. Tanabe and Sakaguchi [174] have described
an ion-exchange method for the analysis of moroxydine (21) in serum, in which
the drug is separated from endogenous bignanides on an Amberlite GC-50 col-
umn. This method is time-consuming because quantification involves collection
of fractions which then have to be analyzed colorimetrically at 520 nm after
reaction with diacetyl (2,3-butanedione) and 3,5-dihydroxybenzoic acid. Further-
more, this method is of limited usefulness for the determination of moroxydine
(21) in biological fluids because the limit of detection in serum is 1ug/ml and it has
been shown [175] that the peak to trough plasma concentrations of 21 in man
range between 20 and 1000 ng/ml following chronic oral administration of 500
mg moroxydine hydrochloride.

Doi et al. [175] and Vessman er al. [176] have described similar GC methods
for the determination of moroxydine (21) in human plasma and urine. Both these
methods involve reaction of the biguanide (Fig. 22) with either trifluoroacetic
anhydride (85) [175] or chlorodifluoroacetic anhydride (56) [176] to give a 1,3,5-s-
triazine. The original method of Doi ef al. [175] utilized MS detection with single-
ion monitoring. The molecular 10ns of the moroxydine and buformin (internal
standard) triazine derivatives were recorded at m/z 249 and 235, respectively.

The limit of detection for the GC-MS method for 21 is 20 ng/ml, which is
generally adequate for the 24-h monitoring of moroxydine (21) following oral
administration of 500 mg of the drug. Vessman er al. [176] have described an
improved GC procedure for moroxydine (21) in plasma and serum which 1n-
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Fig 22 Dernvatization of moroxydine (21) with trifluoroacetic anhydride (53) or chlorodifluoroacetic
anhydride (83) to give the corresponding 1,3.5-s-tniazine derivative (21a).

volves deproteination with trichloroacetic acid followed by extraction of the mo-
roxydine-bromothymol blue ion-pair into methylene chloride. The absolute re-
covery of moroxydine was 70%. This could be improved by a second extraction
with methylene chloride; however, samples analyzed with only one extraction
gave the same results as those samples extracted twice and the more practical
single-extraction procedure was preferred [176]. Vessman et al. [176] have report-
ed a lower detection limit of about 5 ng/ml for moroxydine with ED compared
with MS; however, both GC-MS and GC-ED methods [175,176] are adequate
for clinical pharmacokinetic studies and the choice of detector will probably be
based on the availability of equipment.

3.4. Enviroxime

Enviroxime (22) has been shown to be a highly specific inhibitor of the mul-
tiplication of the rhinovirus 1n tissue culture [177] and the pharmacokinetics of
this potentially useful antiviral drug have been studied in dogs an rats [178].
Unfortunately, the potential of this drug for the treatment of the common cold
[179] 1s severely limited by its poor oral bicavailability in man. Nevertheless,
Bopp and co-workers [178,180] have provided a great deal of interesting informa-
tion on the analysis of 22 in biological samples. They emphasized the importance
of being able to to measure enviroxime (22) in the presence of its syn-oximer
1somer, zinviroxime (22a, structure not shown), which is less biologically active.
Initial studies aimed at developing a GC assay for 22 and 22a were unsuccessful.
Derivatization of the oxime groups of 22 and 22a was necessary to make the
analytes volatile and this resulted in products that could not be separated by GC.
Whereas the two 1somers could be separated by LC, UV detection did not pro-
duce detection limits in the low ng/ml range that were needed for pharmacokinet-
ic investigations. Fortunately, cyclic voltammetric analysis of 22 showed a non-
reversible oxidation with a maximum at about +0.8 V vs. Ag/AgCl, suggesting
that ED would be a viable alternative to UV. Accordingly, an LC-ED method
for 22 was developed that had limits of detection of 4, 15 and 20 ng/ml in plasma,
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nasal washings and urine, respectively. It was indicated that the developed meth-
od for 22 could be used to study the toxicology, pharmacology, formulation, dose
ranging and clinical aspects of enviroxime (22), and its pharmacokinetic applica-
tion was demonstrated in the dog following oral dosing. Interestingly, the
amount of zinviroxime (22a) found 1n plasma was only 5-10% that of enviroxime
(22) following oral dosing with enviroxime (22). However, when zinviroxime
(22a) was administered orally, the major component in plasma was enviroxime
(22), suggesting that an equilibrium mixture is formed by either metabolism or
acid-catalyzed isomerization in the intestine.

3.5. Foscarnet

Forscarnet (trisodium phosphonoformate, hexahydrate) (23) is a compound
with demonstrated activity against a variety of human viruses in vitro [181]. Re-
cently, foscarnet (23) has been tested clinically in bone-marrow transplant pa-
tients suffering from servere herpes and cytamegalovirus infections [182] and for
the treatment of AIDS [183,184]. From a bioanalytical perspective, foscarnet (23)
has several undesirable physical-chemical properties. In particular, it is an ex-
tremely hydrophilic salt of a triprotic acid with pK, values of 0.5, 3.4 and 7.3.
Therefore, it is difficult to retain on hydrocarbonaceous supports and impossible
to extract from biological fluids mnto organic fluids. Additionally, it has no UV
absorption above wavelengths of 205 nm and is therefore difficult to detect in LC
eluates.

GC-MS was utilized by Ringden et /. [182] to study the pharmacokinetics of
foscarnet (23) in bone marrow-transplant patients While they claimed a detec-
tion limit of 50 ng/ml for foscarnet (23) by GC-MS, no experimental details were
provided and Pettersson ez a/. [183] have criticized the laborious sample work-up.
Pettersson et al. [183] have described an alternative LC assay for foscarnet (23) in
biological fluids that employs a reversed-phase ion-pair separation and ED. This
method has a detection limit of about 70 ng/ml which is adequate for pharmaco-
kinetic investigations following intravenous administration of foscarnet (23)
[184]. However, Sjovall et al. [184] found that the plasma concentrations were
consistently below the limit of detection of the LC-ED method in four of six
patients receiving 4 g of foscarnet by mouth. For the patients in which drug was
detected after oral dosing, the bioavailability was estimated at 12-22%.

Anion-exchange or reversed-phase ion-pair chromatography would be logical
choices for the separation of foscarnet (23) from biological samples; however,
both these techniques gave very poor peak shape (Fig. 23). Pettersson et al. [183]
have shown that foscarnet (23) can be retained on an UltroPac C, g column by the
addition of the very hydrophobic ion-pairing agent tetrahexylammonium (THA)
hydrogensulfate to the mobile phase. They also demonstrated that excellent peak
shape could be obtained (Fig. 23) by the addition of pyrophosphate to the mobile
phase at concentrations between 0 02 and 0.20 mAM. Retention decreased with
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Fig. 23 Influence of pyrophosphate on reversed-phase 1on-pair chromatography of foscarnet (23) (A and
B) and a chromatogram (C) of plasma extract from a human subject 8 h after admimstration of foscarnet
(mntravenousty, 45 mmol) The calculated concentration of foscarnet 1n the plasma sample was 79 ymol.
Key (A) mobile phase without pyrophosphate (B and C) mobile phase with pyrophosphate. Other chro-
matographic conditions as Table 2 (Reproduced from ref 183 with permission )

increasing concentration of pyrophosphate, presumably because of competition
with the analyte for the oppositely charged pairing ion. Retention and separation
from biological material could also be regulated by the pH of the mobile phase
and the concentrations of methanol, THA and sodium sulfate. The plasma sam-
ples were prepared by ultrafiltration and the recovery was 90%, indicating low
binding of foscarnet (23) to plasma proteins. Chromatographic interferences by
endogenous compounds that were evident at low concentrations of foscarnet (23)
were removed by shaking the plasma ultrafiltrates or diluted urine samples with
charcoal. Dual-cell coulometric detection (ESA) was utilized with the first cell set
at +0.75 V and the second cell set at +090 V.

Generally, the detection limit of this LC-ED method (70 ng/ml) for foscarnet
(23) in plasma is inadequate for pharmacokinetic studies following oral admuinis-
tration of the drug, thus development of a more sensitive detection system for
foscarnet (23) would seem desirable. Forsman et al. [185] have described a post-
column derivatization procedure for the detection of foscarnet (23) in aqueous
LC eluents. This detection system involved the sequential oxidation of 23 to
phosphate with bromine followed by reaction of the phosphate with molybdova-
nadate to produce a species which was monitored at 340 nm. The excess bromine,
which would have otherwise given an unacceptable background signal, was re-
duced with sulfite. Unfortunately, the detection limit of the post-column deriv-
atization procedure for 23 is 20 M which is considerably higher than that ob-
tainable by ED [184]. Nevertheless, the post-column derivatization method [185]
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may be useful in non-biological applications and it could also be useful as a
detection technique for flow-injection analysis.

3.6. Ampligen

Ampligen (24) is a biological response modifier with demonstrated activity in
vitro agaist three genetic strains of HIV in different lymphoid cell targets [186)].
Carter et al. [187] have shown progressive reductions of HIV load in ten patients
with AIDS, AIDS-related complex (ARC) or lymphadenopathy syndrome (LAS)
following twice weekly 1-h infusions of ampligen (200-250 mg/m?). Chemically,
ampligen (24) is a synthetic mismatched double-stranded RNA.

Rosenblum and Cheung [188] have shown that ampligen (24) can be deter-
mined in the plasma of AIDS patients by LC. In this method the drug was
separated from plasma on small (5 ml) polypropylene columns packed with
DE-52 ion-exchange resin and then degraded to its primary components cytidine
and 1nosine by nuclease and alkaline phosphatase Inosine and cytidine derived
from ampligen (24) were then determined by reversed phase LC on uBondapak
C,g with a mobile phase of aqueous sodium acetate (0.5 M, pH 6.5). The limit of
detection of the method for ampligen (24) in plasma was 100 ng/ml, which was
more than sufficient to study the pharmacokinetics of 24 in AIDS patients. Fol-
lowing a 1-h mtravenous infusion of 640 mg/m? ampligen (24), the peak concen-
tration in plasma was about 60 ug/ml and the concentration had decreased to
about 2 pg/ml after 6 h. Analysis of patient samples containing amphgen (24)
prior to in vitro enzymatic degradation showed no inosine or cytidine, which
would have been indicative of metabolism of ampligen (24) m vivo. Of course, the
method did not distinguish between ampligen (24) and smaller fragments of am-
pligen (24) arising from partial degradation m vivo.

4 CONCLUSIONS

Over the last ten years, significant strides have been made 1n the diagnosis and
treatment of viral diseases. Several effective drugs are available for the treatment
of many viral diseases and new diagnostic tests enable the identification of specific
viral etiologies. The mandatory testing of new drugs, in experimental animals and
man, necessitates the development of sensitive and specific methods of analysis.
Many new antiviral drugs will require therapeutic drug monitoring to achieve the
optimum therapeutic effect and to minimize adverse reactions. The need for ther-
apeutic drug monitoring will be particularly important in patients who are seri-
ously 1l and may therefore be especially susceptible to the adverse effects of
potent antiviral drugs. Chromatography has been the technique of choice for the
bioanalysis of antiviral drugs and it is particularly useful when the analysis of
metabolites 1s necessary. Much has been published on the chromatographic anal-
ysis of antiviral drugs in biological samples since this subject was last reviewed [5].
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This growth in the literature will continue in parallel with the development of new
antiviral agents and their eventual therapeutic application.

5 SUMMARY

The present review has concentrated on chromatographic techniques for the
quantitative determination of antiviral drugs in biological samples. Special atten-
tion has been paid to the elements of chromatographic assays that are essential to
ensure selectivity, sensitivity, accuracy and precision of the various methods.
Wherever possible, attempts have been made to determine the suitability of the
methods for application to investigations in pharmacokinetics in man and experi-
mental animals, biopharmaceutics, therapeutic drug monitoring, metabolism and
pharmacology Because of the serious consequences of infection from material
contaminated with viruses, special consideration has been given to the handling
of contaminated samples. It was convenient to divide the antiviral drugs for the
purpose of this review into two groups, the nucleoside and the non-nucleoside
antiviral drugs The nucleosides discussed are vidarabine, cytarabine, ribavirin,
riboxamide, acyclovir, ganciclovir, desciclovir, carbovir, 2’,3’-dideoxyadenosine,
2',3'-dideoxycytidine, zidovudine, 2’,3’-dideoxyinosine, 2’,3'-didehydro-3'-deox-
ythymidine, idoxuridine, 5-(2-bromovinyl)-2’-deoxyuridine, 2’-fluoro-5-iodoara-
cytidine and 5-iodo-2'-deoxycytidine. The non-nucleoside antiviral drugs dis-
cussed are arildone, amantidine, nmantidine, moroxydine, enviroxime, foscarnet
and ampligen.
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