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SUMMARY 

The._reversed-pbase, high-performance liquid chromatographic separation of fiuoropyrim- 
idines, pyiimidines, and purin& was- inv@igat.ed under isocratic conditions at ambient 

temperatum_.~Tbe performance of nine analyticsi, commercially available columns with five 
mobile phases is compared, and ktpdity and resolution factors are reported. The variables 
.&.t~.....:..:~~ -r,b.G,l .&... #a:.......-rlll .,-..I &I;- ,.,c,-” “r,.#.-.-.l;..a.:..rr .t.#. rl&&-s.-z =.?,rr”-Ci-- u-z-rru-rug IS_IIlIl”Il.CUS u~u-u; -1l UIC: =y=re- ~Gr;“III~xwus &us: USJLLSU Js~or~.r.“u 
of fluompyrimidine and’ pyrimidine bases and nu~eosides are described. The best chroma- 
tographic_.resuit+ axe achieved by using Spheriaorb ODS-2 as stationary phase and O-05 M 
monobasic ammonium phosphate (pH 3.5) as mobile phase. 

INTRCDUCTION : 

‘l’ka r&iritiiAinn -x.n+~m&~.hrrli+n K-fl~~rrrr\~~~&l I%-E’lT\ h-c LxPm &a r\l:“L-31 *1-e A-cz pJLLuu-=z ~I”ILySuLa”“xxuFi “.-LIc&“L”-u\rLI \“-a- “, 11ua “~cz1‘ ALi CAssSibaA u3ci 

for .xmin~~y&& Recently, jnterest has grown in the use of the naturally occur- 
ring n&l&&de .thy&lin& (TdR).to moddate the effects Of 5-FU Cl].. To deter- 
mine: biachfmical qnd pharmacological changes in the conc+ratiOns of natu- 
rally occllsnn g pyrim.+nes -and fluoropyrimidin+, it wasnecessary $6 develop a 
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rapid and specific method of separating and quantifying these compounds in 
biological fluids and tissue specimens_ 

High-performan ce liquid chromatography (HPLC) has been widely applied 
to the separation of nucleic acid bases and nucleosides Origkahy, ionexchange 
HPLC [2-6] was used, but subsequently reversed-phase HPLC 17-161 has 
proven to be particularly suitable. The reversed-phase techniques employed 
paired-ion chromatography [ll] , gradient elution [6, ‘I, 9,12,14,16], and 
isocratic conditions [S, 10,13,15], but none of- these methods attempted to 
separate fluoropyrimidines at the same-time_ .The separation of halogenated 
uracil derivatives from other bases and nucleosides was achieved by thin-layer 
chromatography on silica gel p7J _ Reversed-phase HPLC allowed the separa- 
tion of 5-FU and its nucleosides US-Zl] ; however, the resolution of uracil 
(U) and 5-FU has remained problematic_ 

We investigated the HPLC characteristics of nine analytical, reversed-phase 
columns with five different solvents under isocratic conditions in order to 
achieve optimal resolution_ A rapid, isocratic method was developed that 
separates all major pyrimidine and fluoropyrimidine bases and nucleosides. 

EXPERIMEtNTAL 

Chromatogmphy 

AU reversed-phase analyses were performed with a Waters Assoc_ (Milford, 
MA, U.S.A.) Model 204 liquid chromatograph equipped with a Model M6000A 
P-P, = variable-wavelength W detector (Varian Varichrom) set at 260 nm 
and a Varian recorder (Model 9176). Peak areas were determined by electronic 
integration (Varian Model CDS-111). The following analytical reversed-phase 
columns from Waters Assoc. were evaluated for separation: PBondapak Crs 
high efficiency (300 mm X 3.9 mm I.D., 10 pm particle size), PBondapak 
Dhnn4 l!2fM3 mm Y R Q mm 7 t-i ,,m r,m-+;~l~ C;IO\ R=&s,l_Ds,k C?__ c.m-f-&,-kr,x f1 nf-l LAS-L,& \““V LLziy I\ v-v --) A” p.- ~-“~~~.a Y-b,, A--- *-L -1s --*-~- \--v 

mm X 8 mm I-D., 10 pm particle size), Radial-Pak Cis (100 mm X 8 mm, 5 pm 
particle size), and Radial-Pak CB (100 mm X 8 mm, 10 pm particle size). A 
Waters radial compression module (RCM-100) was used for all Radial-Pak liq- 
uid chromatography cartridges_ Four reversed-phase Spherisorb columns from 
Custom LC (Houston, TX, U.S.A.) were tested: Spherisorb Hexyl (150 mm X 
4.6 mm I.D., 5 pm particle size), Spherisorb ODS-1 (250 mm X 4.6 mm, 5 pm 
particle size), Spherisorb ODS-2 (250 mm X 4.6 mm, 5 pm particle size), and 
Spherisorb ODS-2 (100 mm X 6 mm, 3 pm particle size). Several solvents were 
tied with each reversed-phase column: distilled water, O-05 &l monobasic 
ammonium phosphate adjusted to pH 5.0 with ammonium hydroxide, 0.05 lkl 
monobasic ammonium phosphate adjusted to pH 3.5 with phosphoric acid, 
0.05 M ammonium acetate adjusted to pH 4.0 with acetic acid, and 0.05 M 
sodium acetate buffer (pH 3.5)_ 

Only reagents of analytical grade were used, and all solvents were filtered 
and vacuum degassed before use_ In all experiments the flow-rate was l-5 ml/ 
min at ambient temperature. 

Prepmtion of standards 
All naturally occurring pyrimidine and purine bases, nucleosides, and nucleo- 
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Mean .of .-~tbree a.&Iyses &th 0.65-M monobasic ammo&m phosphate (pH 3-5) as mobile 
.pElaSe_ .- _ : 

-i.xnlpo”n&*~ Spher&orb ODS-2 Spherkdrb ODS-2 pBondapak C,, 

(5 crm) .(3pmj-. : .-(10flm) 

c/u 6.0 .5.9 7.1 
U/FU 2.2 l-8 1.6 
FU/CR 5.1 4.5 1.7 
CR/CdR 7.3 8.4 5.3 
CdR/UR 1.8 1.8 2s 
UR/.T 2.6 2.7 3.0 
T/FUR 4.9 
FURIUdR 3.6 :-: 

2.9 
2.9 

UdRIFUdR 8.1 7:6 4.8 
FUdR/TdR 21-8 20.6 14-Q 

*Abbr&iations: C, cytosine; CR, cytidine; CdR, deoxycytidine; UR, uridine; T, thymine; 
UdR, deoxyuridine. 

4 
1% 
I I , I i L 1 I 1 

0 5 10 15 20 25 30 35 40 

Minutes 

Fig. 1. Reversed-phase HPLC of nucleic acid bases and nucleosides (standards, 3 nmol each) 
on a rBondapak C,, high efficiency column with 0.05 M monobasic ammonium phosphate 
(pH 3.2) as mobile phask (isocratic conditions, flow-rate 1.5 ml/min, detector set at 0.1 
a_u.f.s.). 
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-R~~~l_Pnk:_Cis.cartridge(5pm). ;I-; ;_ _: : _;.;~& :; ._, gfr: .; y;;. _:.._: .I-._.. I__ __ ... 
Fa$. the &p&coG- of. U i&J 5_Fu thi$:_&dge can:& && pbith ~o~w 

&+h&: s&ut&s~ of I$$ 5.0. (R +1;4). arid--sH 3.5 <R = 1.9)-‘0+5 &diuin -. 
acetate buf&of’pH -+Ti’(R = 1.6) .a% mohile~ph&+& ~ermore; the.sepsra-- 
tion-of FUR, @nd:II?UdR :from-‘o~h~,:~~cl~si~~.-(R a-2-i) v&s &&ibIe with-au 
anmyhiuti phos&ate solutiou of .pH~.3_5.--The--~~~~i~ factors of- this column 
.for C;:CR,--CdR;_T, a& TdR w&e ,so,~bightb&t.it~isnot hitable fOr tI+ segara- 
ti~n:ofthesecompoundsz-'f‘hisfindiiig.is-most:Laattridutedto~~~ f&that, 
m.contraSt-t0 pBondap& Cis .or Sbherkorb- ODS,- the-hydroxyl groups on the 
silka particles are not capped in Radial-I%& cartridges.- 

. . 

Radial-Pak C, cartridge (IQ~uzt) 

The separation. of U and _5-FU (R. 2 1.0) could be achieved with all the de- 
scribed s&vents except for the. ammonium acetate solution. The naturally 
occurring pyrimidines (R > 1.9) were separated on this column with ammo- 
niuin phosphate solutions at either pH 5.0 or pH 3.5; the capacity factorsare 
given in Table III. The presence of an ammonium salt in the mobile phase was 
essential in this system, since the sodium acetate buffer allowed only the 
separation of U, 5-FU, and their nucleosides (R >, l.O), but retained C, CR, 
and CdR. In addition, ammonium acetate should not be used with this 
cartridge; it not only led to unsatisfactory separation, but also impaired the 
performance of the column in subsequent trials with other solvents. 

Spherisorb ODS-2 (5 pm) 
It was not possible to separate U and 5-FU (R < 1.0) with any of the de- 

scribed solvents on this column. However, a good separation of the naturally 
occurring pyrimidine bases and nucleosides (R > 3.0) could be achieved using 
the ammonium phosphate solution (pH 3.5) as mobile phase. The capacity 
factors for this system are listed in Table III. 

Spherisorb ODS-2 (3 bm) 
U and 5-FU as well as their nucleosides (R > 1.5) could be separated with 

ammonium phosphate (pH 3.5 or 5.0) or sodium acetate buffer of pH 3.5 as 
solvents. Ammonium phosphate solution of pH 3.5 was especially effective in 
separating all pyrimidme and fluoropyrimidine bases and nucleosides. The 
resolution and capacity factors for these compounds are shown in Tables II and 
III. Adenine and its nucleosides did not elute from the column within 40 min, 
and GR and GdR did not interfere with other- compounds. 

Standard curves for U, UR, UdR, FU, FUR, FUdR, C, CR, CdR, T, and TdR 
in concentratikms from 0.05 to 1.00 nmol each were obtained by using this col- 
umn and ammonium phosphate at pH 3.5 as solvent. The correlation coeffi- 
cients were excellent (13 = 1.00). The lower limit of detection was 0.05 nmol of 
each of the eleven compounds at 0.02a.u.fs. 

The ammonium constituent. in the mobile phase seemed to be essential for 
the separation on all Spherisorb ODS columns. With sodium acetate buffer as 
solvent the C peak was delayed and broadened, while CR and CdR were retain- 
ed on the column for over 60 min. Again, ammonium acetate should not be 
used as solvent; it not only decreased the retention times of all compounds but 
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also impaired t&separation of CdR and UR in subsequent trials with ammo- 
nium phosph&e solutions. : 

Sphetisorb ODS-2 (5 pm) 
This cohmn and the Spherisorb ODS-2 (3 pm) performed similarly- U and 

5-FU- were separated on this column with-the highest resclution factors of all 
columns tested (Table I j; especially with ammonium phosphate as the-mobile 
phase, R values -of at Ieast 2.1 could be achicved.~ Moreover, -this column not 
only separa+kd the pyrimidines and fluoropyrimidines well (Table II), but was 
also abIe to resolve purine-bases and nucleosides. Of the purines, ammonium 
phosphate at pII 5.0 eiuted only GR and CdR within 40 min, separating them 
from all pyrimidines (minimum R = 1.0). Ammonium phosphate at pH 3.5 as 
mobile phase ehrted A and AR also without impairing resolution; the minimum 
resolution factor in the chromatogram was 1.7 (Fig, 2). 

J- 

Fig- 2. Reversed-phase HPLC of nucleic acid bases and nucleosides (standards, 3 nmol each) 
on a Spherisorb ODS-2 (5 pm particle size) column with 0.05 M monobasic ammonium 
phosphate (pH 3.5) as solvent (isocratic conditions, flow-rate 1.5 ml/min, detector set at 0.1 
a.uZs.). 

Table III ~~mmariz es the capacity factors of this column with two solvents. 
The reproducibility of capacity factors and peak areas was evaluated by five 
analpses on this column with ammonium phosphate of pH 3.5 as mobile phase, 
injecting 3 nmol of each standard in a volume of 50 ~1 (as in Fig. 2). The co- 
efficients of variation are shown in Table IV. 



-CR .’ 0.9 x0 
(-Sk‘_. 1.0 2.9 

,“. -- 0.8 1.1 -- .2.7 28 
FUR 1.2 0:5. 
.udR 1.3 0.5 
FUdR. 1.4 0.9 
TdR 1.3 2.1 

To demonstrate the-potential applicatioris of this method for biological sam- 
tiles, dtiptitkmized plkinzof a patient_treated with PALA; TdR, and 5-FU 
Was analysed.’ The chioma&ram (Fig. 3) showed that the fluoropyrimidines 
and pyrimidines of interest could be separated and no interfering peaks 
occuxred. 

J-, 
L I I 1 I 1 L 1 

0 5 ‘10 -- 15.. 20 25 30 35 40 

: -Minutes 

Pi& 3. Re&sedp&se FLC of ultrafil&ed plasma from. a patient after treatment with 
PALA, TdR, .and 5-FU (identical coklitions + e Fig. .2; Unk_ = unknown izompounds). 



174 

0 ther columns 
The ~Bondapak Phenyl column (10 pm) was not useful with any of the de- 

scribed mobile phases, mainly because the capacity factors for pyrimldines 
were too low. The chromatograms obtained with the Radial-Pak Cl8 cartridge 
(10 pm) showed broad peaks and insufficient separation. With the Spherisorb 
Hexyl{5 Nrn) column, chromatograms revealed short retention times and poor 
separation for all pyrimidines and fluoropyrimidines. 

DISCUSSION 

The objective of this study was to compare and optimize the resolution 
(Tables I and II) of fluoropyrimidines and pyrimidines within separation times 
of 30-60 min employing isocratic, reversed-phase techniques at ambient 
temperature_ Resolution is achieved by differential migration of compounds as 
determined by the composition of the mobile phase (Table I), the nature of the 
stationary phase, and the separation temperature, and is shown by the sharp- 
ness of the peaks and the distance between peak maxima on chromatograms 
(Figs. l-3). Three variables define resolution [23], namely, efficiency, selectiv- 
ity, and capacity factor. 

The efficiency of a column determines the peak widths_ Band spreading is 
caused by eddy diffusion or multiple flow paths, mass transfer, and molecular 
diffusion. These phenomena are influenced by particle &racterlstics, column 
dimensions, and the flow-rate. A variety of packings and columns was investi- 
gated in this study_ Spherical particles, like in the Radial-Pak and Spherisorb 
columns, are better permeable and more stable_ Irregular particles, like in 
FBondapak, cause more flow inequalities. Decreasing the particle size from 10 
to 3 pm yields higher efficiency, better resolution, and shorter separation 
times- The particle size distribution affects the uniformity of the packing and 
interparticie void spaces. Advanced control of the particle size improved the 
separation with Spherisorb packings: in ODS-1 70% of the spheres have a size 
distribution of 2 1 I.trn compared to 95% in ODS-2. These small (3-5 pm), 
thinly coated particles homogeneously packed gave the best resolution (Table 
II)_ In columns with larger diameters, like Radial-Pak cartridges (8 mm I.D.), 
more flow inequalities and different microscopic flowstreams between particles 
tend to occur, which leads to broader peaks. 

The selectivity or nature of the stationary and mobile phases determines the 
peak separation. A number of bonded and mobile phases was investigated 
(Table I)_ Monobasic ammonium phosphate as solvent allowed the best separa- 
tions- Changing the pH influenced the retention times and was used to improve 
the separation, especially of puriues (Figs. 1 and 2, Table III). Although the 
mechanism of retention has not been established, the organic bonded phase is 
considered to play the most important role. Fully hydrolyzed silica contains 
about 8 ymol of silanol groups per m* of surface 1231. Under optimum condi- 
tions about 4.7 pmol/m* of these silanol groups can be reacted with trimethyl- 
silyl groups, the smallest modifier available; the remaining silanol groups are 
shielded by reacted groups. This dense monolayer of functional groups or 

monomeric coverage, like in Spherisorb ODS-2, appears to improve selectivity- 
The presence of bulky groups on the silane, like in PBondapak Phenyl, reduces 
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the. possible surface coverage_ Residual acidic s-01 groups, like in the. un- 
cabped Radial-Pak C 18 c&ridges, impair separation when compared with 
_PPed crhndapa c18: 

The capacity factor determines the retention time of a peak, and depends oxi 
the relative amount of stationary to mobiie phase and the effective utilization 
of the stationary phase. Increasing the column length results inlonger retention 
times. However, a shorter column packed with 3-pm particles can have similar 
capacity factors as a longer column with 5 pm particles (Table III). The length 
of the alkyl chains on the silica particles also affects the capacity factor. In- 
creasing the chain length from Cs in Spherisorb Hexyl to Cis in Spherisorb ODS 
increased the capacity factors markedly_ However, when residual silanol groups 
are present, like in Radial-Pak cartridges, decreasing the chain length from Cl8 
(10 pm) to C8 (10 pm) improved the separation_ 

By observing the three variables of resolution, the separation of fiuoropyrim- 
idines and pyrimidines can be optimized. If especially reproducible separations 
of fluoropyrimidines and all major nucleic acid bases and nucleosides are re- 
q-u&d, the system with Spherisorb ODS-2 as stationary phase and ammonium 
phosphate as mobile phase is recommended. For less complex applications, 
other columns have been proved to be satisfactory_ U and FU were resolved by 
several systems (Table I). The separation of FU nucleosides was achieved on 
PBondapak CX8, Radial-Pak C,, (5 em) or C8 (10 pm), and on Spherisorb ODS- 
2 with ammonium phosphate or sodium acetate buffer of pH 3.5 as mobile 
phase, The resolution of naturally ~occurring pyrimidines was possible on 
PBondapak Cl& Radial-Pak Cs, and on Spherisorb ODS with ammonium phos- 
phate (preferably pH 3.5) as solvent. 
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