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SUMMARY 

Previously the most successful methods for the high-performance liquid chro- 
matographic separation of tetracychnes have employed revexzed-phase bonded 
packing materials and aqueous-organic eluents with pH in the range 1-2.5. Under 
these conditions a number of bonded packing materials are unstable so that column 
life can be short. Furthermore, most published methods, when applied to biological 
samples, require clean-up before high-performance liquid chromatography can be 
attempted. 

We have now developed highly efficient separations in the presence of EDTA 
(IO-? &f) under mildly acidic conditions with pH in the range 3-5. The general 
performance is further improved by the addition of salts. Two organic modifiers have 
been used, acetonitrib and dimethylformami de, of which the latter is far superior. 
The method has been applied to direct analysis of oxytetracycline in urine. 

The results support the view that EDTA acts by forming zwitterion pairs with 
the bipolar forms of the tetracyclines which predominate in the pH range 3-5. The 
new conditions of analysis cause no noticeable deterioration in column performmce 
over prolonged periods of use. 

INTRODUCTLON 

During the past few years numerous papers have been published on the chro- 
matographic separation of the tetracycline group of drug+-’ and of their common 
impurities and decomposition products l*‘-15_ A few papers have also appeared on 
their assay in biological material, urine and bfood, following therapy16-19. 

The structures of the main tetracycline analogue drugs and of common 
impurities in tetracycline are presented in Tables 1 and II. It may be noted that the 
tetracycline skeleton is rigid; tetracycline and its anaiogues possess a great number of 
functional groups; the contaminants are often isomers with only minor structural 
differences from the original; the members of the group are soluble in aqueous or 
pokr organic solvents but insoiuble in non-polar organic solvents. These features, 
amongst others, m&e the chromatographic separation of the tetrxyclines a major 
chafienge to the separation scientist. 



TABLE I 

STRUCXURJZS OF mCY= AND ANALOG DRUGS 

Tetracydine~C)’ 
Oxytetrzzcyclks (OTC)’ 
Chlortetmcycline (ClTC)’ 
Minocydine (LMC) 
MethcNkWeC) 
Doxocycbe (DoxoC) 
Demedc~iine (DMC)’ 
PulilIlocyc!inc(po 
Roliv (RTC) 

H 
OH 
H 
H 
OH 
OH 
H 
H 
H 

a3 
=b 
a3 
H 
=2 

CH3 

H 
c 
CH3 

OH 
OH 
OH 
H 
- 
H 
OH 
OH 
OH 

l Szzplcs avaihbk for t&is study. 

-* P = -CH2NH-Gi”C6H$CM4 

R. 4X2-N 

a 

Although the separation of synthetic mixtures of tetracycUnes might be 
regarded as an academic problem, knowledge of the chromatographic behavious of 
each member of the group is important whenever several of the group are present in 
pharmaceutical preparations, and especially when it is desired to monitor impurities 
in order to meet the limits set by Pharmacopoeia Commissions. Examples of deter- 
minations.required in such contexts are those of chlortetracycline ti tetracycline7-12, 
of tetracyciine in rolitetracycline’ or penimocycline6, and of toxic ~nalogues formed 
during storage. Thus the British Pharmacopoeiato, for example, has set maximum 
levels of ATC and EATC in TC at 0.5 % because of the serious toxic eEects of these 
compounds, while the U.S. Food and Drug Administration (FDAP has set slightly 
higher I,zvels. The current method of assay approved by the British Pharmacopoeia 
uses thin-layer chromatography and is of relatively poor quantitative accuracy- There 
are good reasons for advocating that it be replaced by a h&h-performance liquid 
chromatographic (HPLC) method which can be shown to be reliable.andreproducible 
from one laboratory to another. 

HPLC has also been shown to be of great value in monitoring drugs in mine 
and blood especially when highquality reversed-phase packing materials are used, 
for under many elution conditions the endogenous materials which are UV absorbing 
elute well before the drugs. In most biological analyses of tetracycline the sampIes 
have been subjectt to a “clean-up- procedure prior to HPLC, such as treatment 
with methanol-trichloracetic acidIS extraction of the calcium complexes with ethyl 
acetate followed by back extraction into acidl’mLs, or complexation with calcium 



Epitetxacycline 
0 

Anhydrotetr8cycline 
(A-=) 

Epianhydrotetracycli 
0 

ions and ion pairing with phenylbutazone lg. Such techniques are laborious and likely 
to introduce errors. One of the main aims of this work was to see whether direct 
injections of body fluids could be used for assay of tetncyclines. 

CRrIlQUE OF PREVIOUS WORK 

The HPLC methods used for tetracycline group analysis are summarked in 
Tables III and N. They can be divided into those employing ion exchangers’~‘,(,6,8,*3,18 
and those employing reversed-phase bonded materialsz~5-7~g-*2~1~~1s~17~1g_ The favoured 
ion exchangers are cation exchangers although two groups have used anion ex- 
changer&**. Most investigators working with bonded materials have used octadecyl 
silicas although it has beea stressed 6*7sg~11 that ali such materials are not equally 
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suitable. Knox and Jurand 11, for example, demonstrated the importance of using 
“capped” materials which contain a .negligible proportion of accessible hydroxyl 
groups. 

Several groups have advocated using bonded materials with shorter chains 
than oc*utdecyl. Thus Knox and ;Turand’l used TMS silica containing short alkyl 
chains, and De Leenheer and Nelis5 preferred a C, to a C;, material. 

Tables PH and IV compare the results obtained with ion-exchange and reversed- 
.phasepacking and show that the latter gave much better performance in terms of 
plate number, plate height and resolution generally (approximate plate height values 
have been calculated from the chromatograms presented by the authors of the papers 
cited)- Most of the studies on ion exchangers employed pellicular materials of fairly 
large particle size (CCL 40 pm) but even so the plate heights ranging from 4 to 40 mm 
are very poor, corresponding to reduced plate heights in the range 100 to 1000. While 
the results obtained .with microparticulate reversed-phase materials (ca. 5 pm di- 
ameter) are much better -with plate heights from 0.1 mm corresponding to reduced 
plate heights of 20 or more, the performance is still relatively poor when compared 
to that obtainable from sample test mixtures (reduced plate heights of 2-5). 

All previous workers using reversed-phase systems have added an organic 
modifier to the predominantly aqueous eluent. Three modifiers have been used, 
methanol, propan and acetonitril,. = The results obtained by Knox and Jurand” and 
Tsuji er al? indicated that acetonitrile gave more symmetrical peaks and higher plate 
efficiencies, but the reason for this was not understood. 

Many investigators stress that with reversed-phase systems the highest eE- 
ciencies are. obtainable only when the pH is 2.5 or less5~9-1L especially when sepa- 
rating epimers. Knox and Jurand” maintained that the function of the acid was to 
form ion pairs between the cationic form of the tetracycline and the zmion of the acid, 
but others5 claimed that the hydrogen ion concentration was critical rather than 
that of the acid anion, which according to the hypothesis of Knox and Jurand could 
just as well have been provided by a neutral salt of the acid. 

Fig. 1 shows the stages of ionization of the tetracyclineP within the pH 
range l-12. The first ionization stage with pK, = 3.3 involves ionization of the acidic 
OH group at the 3-position, the dimethyl amino group being protonated in acid pH. 
The amino proton is lost with pK, = 7.5 while the OH group at position 12 loses a 
proton with pK, = 9.4. In strongly acidic pH (for example l-2.5) the TC molecule 
exists in the fully protonated form as a singly charged cation. Between pH 3.3 and 7.5 
it exists predominantly in the zwitterion form with the dimethylamino group pro- 
tonated and the hydroxyl group at the 3-position ionized. Thus the apparent require- 
ment for strongly acidic eluents could well arise from the necessity for the TC molecule 
to be in the c&ionic form which could be paired with a suitable anion such as ClO,-. 
Thus for successful ion-pair chromatography of the TC group a strongly acidic eluent 
is required to ensure that the cationic forms of the TCs are the predominant species. 

An unfortunate consequence of this requirement is that column life is often 
short since many reversed-phase packing materials are unstable at pH c 2-3 (depend- 
ing upon the chain length). Our second aim in this work was to establish conditions 
for the liquid chromatography of the TC group which were not so destructive to 
bonded packing materials. 

A further controversial aspect of previous work is the role of ethylenediamine- 
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Fig. 1. Ionization stzges, and proportions of different forms of terracyclines as a functiomof PEE”. 
Form&e show ionizable groups only. For full form&e see Table I. 

tetraacetic acid (EDTA) which many authors claim to be essential for. successful 
separations*~s while others fkd no such requirementll~U. It has been claimed that 
EDTA increases retention by chelation with the tetracychnes, and improves the 
partition isotherms by chelation with metallic impurities in the eluent or with the 
stainkss-steel surfaces of the equipment. E_xamination of Tables III and IV shows 
that, with a few exceptions, EDTA seems to be necessary whenever the pH of the 
eluent exceeds about 3 and unnecessary when the eluent is more strongly acidic. 

The stages in the ionization of EDTAtJsz4 are given in Fig. 2, from which it 
is seen that the zwitterionic form predominates at pH below 3.0, that the doubly 
charged anionic form predominates between pH 3.0 and 6.5 and that for pH exceeding 
6.5 various higher anionic forms predominate. Accordingly it might be deduced from 
the data available that interaction of the zwitterionic forms of EDTA and the TCs 
could be important under mildly acidic conditions. 

From the published work the following generalizations can be made: 
(1) Reversed-phase bonded materials give the best separations. 
(2) Short-chain reversed-phase materials are preferable to ocmdecyl materials. 
(3) An orgatic modifier must be present in the otherwise aqueous eluent. 

Acetonitrile is superior to alcohols. 

Fig_ 2. Ionization stages, and ~ropurtions of dEerent forms of E,DTA as a function of pEPz4. 



(4) The best separations are achieved at pH in the range l-2. Under weakIy 
acidic conditions pH %7 separations arc Icss good and the addition of EDTA- to the 
eluent appears to be neszsary. 

(5) Under conditions of Iow pH, which give the best-separations, many bonded 
materials are unstable and column life can be short. 

Further work is desirable to establish: (I) the optimum organic modifier; (2) the 
roIe of EDTA in the separation espe&lly at pH 3-7; (3) the roole of pH; (4) whether 
good separations can be achieved at pH > 3 when shortchain bonded materiaIs 
appear to have good long-term stability; and (5) whether direct injections of biological 
samples can be employed for b&assays of tctracyclines. 

The high-performance liquid chromatograph comprised the pump from a 
DuPont (Wilmington, Del., USA.) Model 830 liquid chromatograph or a piston 
pump (Orlita type DMP 1515, Giessen, G.F.R.), and a variabIe wavelength W 
photometer (CE 212, Cecil I nstmments, Cambridge, Great Britain) with an 8-@ flow 
cell. Columns were 100 or 125 mm long and 5 mm bore of internally polished stainless 
steel (Shandon Southern Products, Runcom, Great Britain). Injection was by syringe, 
using a Shandon pattern injector. 

Packing materials were ODS-Hypersil (a Cl8 bonded silica gel) and SAS- 
Hypersil (a C1 bonded silica gel) with nominal particle sires of 5 pm (obtained from 
Sbandon)). 

Specimens of tetracyclines were kindly gifted by Harris Pharmaceuticals 
(London, Great Britain) and originated from the European Pharmacopoeia Com- 
mission. They were: tetracycline hydrochloride, ammonium salt of 4-epitetracycline, 
7-&lortetracycline, anhydrotetracycline hydrochloride, epianhydrotetracycline hydro- 
chIoride, oxyt.etracycIine and demeclocycline. 

SampIes for chromatography were made by dissolving the tetracyclines in 
aqueous methanol to give solutions of l-5 mg/cm3. Volumes of O-I-1 ~1 of these 
solutions were inj_ected into the column_ Urine samples were provided by a volunteer 
who had taken a therapeutic dose of OTC over 2 days. 

EIuents were made from distilled water and acetonitrile (HPLC grade from 
Rathbum Chemicals, Walkerbum, Great Britain), and dimethylformamide @MF) 
(AnalaR grade from BDH, Poole, Great Britain). Analytical-reagent salts were 
added as required. 

RISELTS AND DISCUSSION 

Comparison of acetonitrile and &zethyfformamide as modifiers 
In previous work” acetonitrile (ACN) was shown to be a better modifier than 

methanol for the separation of tetracycline and its main impurities (see Table IL). We 
now report that dimethylfo rmamide @MF) has signi&zmt advantages over ACN. 
The comparison is seen directly in Figs. 3 and 4 where the performance under equiv- 
alent conditions with DMF and ACN is shown. In both cases a standard eluent was 
used containing 10 % by volume of organic modifier. To tbis various other substances 
are added as described below. 
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Fig. 3. Chromatograms of tetracyclines on SAS-Hype~~il with various eluents containing acetonitie 
as organic modifier. Column: 100 X 5 mm. Eluents: (A) water-acetonitriIe @O:lO, v/v); (B) as A but 
10e3 M in Na&DTA; (C) as B bnt 0.12 M in KNOa; (D) as C but with HN03 added to give pH 3.2. 
Rctcctor: UV, 280 run, 0.2 a.u.f.s. 

(a) Standard eluents done. When the organic modifiers are used only with 
water, highly unsatisfactory results are obtained. With ACN (Fig. 3A) QO peaks were 
observed while with DMF (Fig. 4A) two broad bands were eluted corresponding to 
the benzenoid and naphthalenic tetracyclines respectively. In both v it was 
observed that the tefracyclines were irreversibly adsorbed at the top of the column 
giving a yellow discoburation. With D_MF as modifier the retention of the solutes 
increased with successive samples as more of the tetracyclines were adsorbed by the 
COIUIXUI. 

(b) Stdud eluents f IOm3 M EDTA. Addition to the standard eluent of 
Na,EDTA at a concentration of 10m3 M, buffers the pH at around 5 and effects a 
dramatic improvement in chromatographic performance. With ACN as modifier 
(Fig_ 3B) peaks were now observed for the benzenoid tetracyclines although they 
showed severe tailing. With DMF o~i the other hand (Fig. 4B) all five tetracyclines 
we= resolved and even the naphthalenic compounds gave moderately well-shaped 



ATC EATC 

Fig_ 4. As Fig_ 3 except dhdhyifonnamidz used a~ OdC rmd.&r- 

peaks. Peak shapes were not signScantly improved by increasing the proportion cf 
organic modifier. 

(c,I Standard ehents f IOs3 M EDTA + salt. On ad&ion of salt, for exampIe 
potassium nitrate, to EDTA-containing eluent retention was reduced and peak shape 
somewhzt improved_ With ACN as modXer the naphthalenic tetracyclines were now 
eluted as badly taikd peaks but in a reasonable time. With DMF as mod&x fairly 
good peak spapc was now achieved. ETC now eluted bcforc TC while EATC eluted 
just after CITC. By increasing the saIt concentration further EATC could be eluted 
before CITC. 

(d] St&d eluent + EDNA f salt + acid. On addition of nitric acid to 
reduce the pH from 5 to 3 retention was increased while peak symmetry was improved 
(Figs. 3D and 4D). With ACN as modifier EATC and ATC still showed strongly 
tied peaks whik wiffi DMF peaks were more or Iess symmetrical and resolution of 
all five components was satisfactory- With ACN as modifier some improvement in 
peak shape and resolution could be achieved by using a higher mod&r concentration. 



(e) Optimum cotz&km fur res&~k~rz. Wht%ea.s seetims (#-(d) show &zali- 
tatively the eB?ects of suaxsive additions to a&a.ndard eh~ents of EDTA, KNO, and 
HNO, and demonstrate the clear superiority of DMF as modSer, the conditions 
shown are not optimum for either modSer. To achieve the best resolution when using 
ACN it is necessary to use the Lowest pH can&tent with stability of packing materials 
and the highest concentrations of ACN and salt which allow adequ&e retention. 
Fig. 5 shows a reasonable compromise which provided about the best resofution, in 
spite of some tailing, which we could achieve using ACN as nxxlifier. The eluent is 
buffered at pH = 3 by acetate-acetic acid. 

With DMF .z much wider range of elutioi conditions can be used giving typical 
plate heights of around 59~ @educed pk&e height 8 to 10). Chromatograms ob- 
tained under two such sets of conditions are shown in Fig. 6 for pH = 3.2 and 4.8. 
It may be noted that the msition of the EATC peak between those of CITC and ATC 
is considerably akxed by this change of PH. - 

A 
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Cl-K 
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FG 5. chromatogram of tetmcycIines on SAS-Hypersil showing near-optimum conditions with 
acetonikik as modi&r. EIuent: water-acetonitriIe+cetic acid (71:18.5:10.5, v/v/V) containing 
2.8 - lO-3 M N@DTA, 0.011 M KNO,, and 0.06 M sodium acetate giving pi-l 3.0. Detector: UV, 
272 nm; 0.1 aafs. 

Fig. 6. Cbrot~tograms of tetracycIines on SAS-EIypersiI showing near-optimum conditions with 
dimethyIfomainI -de as mod&r. EIuent: (A) wates-dimetbyIformam ide (9050, v/v) containing 
0.001 M N2zEDTA, 0.01 hi citric acid, 0.01 M sodium citrate giving pi-l 4.8; (B) water-dimethyl- 
formamitk (82:18, v/v) containing O_OOl M Na,EDTA, 0.05 M KNOh citric acid givi& pH 3.1. 
G~1um.n and detector as in Fig. 3. 

(fi Qucntitation. Without addition of EDTA the TCs arekeversibly adsorbed 
and quantitation is impossible with eluents in the pH range 3+. EDTA is not only 
cssenti for satisfactory chromatography but also enables the TCs to be eluted 
quantitativeiy as shown by Fig. 7A and B, where the elution conditions are the same 
as for Figs. 5 and 6A, respectively. 

(g) Moriifieer concentrufion. The edit of modifier concentrations in the 
presence of lQ_-’ M Na,EDTA (but without added salt or acid) is shown for both 
modifiers in Fig. 8. While capacity r.rtios (k’) are similar for the monoaromatic TCs 



mass injected / pg 

Fig_ 7. Plots of peak area versus quantity for ehtion of tetracyclines. Packing: SAS-Hy-persil. (A) 
Ehent: as r’or Fig. 5; detector: UV, 272 run. (B) Eluent: as for Fig. 6A; detector: UV, 280 ML 

with the two modiSers there is a striking difference for the naphthaIenic members 
EATC and ATC. These are very strongly retained with ACN as modifier (I/ > 50 
with 25% ACN) but with DIMF k’ values for EATC and ATC are only about four 
times those of their monoaromatic anatogues. In the absence of salt and acid, but 
with both modifiers, the order of elution of ETC and TC changes at a concentration 
of about 20% modifier. Below 20% modilier TC elutes first, while ahove 20% 
modSer ETC elutes fust 

The experiments described in sections (a)-(g) show the clear superiority of 
DlMF over ACN as organic modifier. They also show that in the pH range 3-5 addi- 
tion of EDTA is essential for reasonable peak shape. The peak shape is further 
improved, especially with ACN as modifier, by adding acid buffer or KN03 and 
sufficient acid to reduce the pH from 5 to 3. 
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Y.cwi= <r/v) %ACN (v/k) 

Fig. 8. Dependence of k’ of tetracycliws upon proportion of organic modjlkr. Packing: MS- 
Hype&; eluent: water+rgank mod&x contain+ 0.001 M EDTA. 
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The reason for the superiority of DMF over ACN is by no means clear. It was 
at first thought that this could be due to the presence of dimethylamine formed by 
hydrolysis of DMF rather than to DMF itself_ However, addition of diethylamine to 
eluent containing ACN had no beneficial effect. We therefore concluded that the 
presence of free or ionized amine could not be the reason for the improvement in going 
from ACN to DMF as modifier. It seems most liiely that a greater ability of DMF to 
sob/ate the tetracyclines and their ion pairs as compared to ACN must be the cause 
of its superiority as an organic modifier. 

Role of EDTA 
The experiments described under Comparison of acefonitrile and dimethyL 

formamide as mod$ers establish that within the pH range 3-5 the presence of EDTA 
is essential for satisfactory chromatography of tetracyclines whereas our previous 
worlP established that EDTA was not necessary at pH in the range 1-2. We attempted 
to determine whether EDTA was adsorbed by the column packing material by ob- 
serving the changes in k’ for the tetracyclines when standard eluent was replaced by 
eluent containing EDTA. Significantly the improvement in separation occurred quite 
slowly. With 25 oA DMF as modifier a gradual increase in k’ was observed as soon as 
discrete peaks were observed after about 80 ml of 10m3 M EDTA containing eluent 
had been passed. This subsequent increase in k’ is shown in Fig. 9. In previous worlP 
we observed similar but more dramatic changes in the k’ values of acidic paracetamol 
metabolites on adding ion pairing agents to the eluent and we deduced that significant 
amounts of such materials were adsorbed by the packing. In the present case the 
changes in k’ are much smaller but nevertheless appear to indicate that to be effective 
EDTA must be adsorbclt by the packing material. Either a substantial quantity must 
be adsorbed (we estimate up to 1.5 - 10m4 mol or 45 mg of EDTA) or the equilibration 
with EDTA is slow and requires the passage of about 400 ml of eluent before it is 
complete. Our conclusions are not firm since with 10% DMF as modifier there was 
no change in k’ although again passage of about 400 ml of eluent was required before 
the peals shape became stable from one injection to the next. 

In a second attempt to determine whether the surface of the packing material 
had been altered, we determined the change in k’ of acetophenone as EDTA-contain- 
ing eluent was fed to the column. k’ gradually fell by about 25% with DMF as 
modifier and by 8% with ACN as modifier. It is suggested that this confirms the 
hypothesis that EDTA is adsorbed since the highly polar EDTA would have little 
a&&y for a hydrophobic species such as acetophenone and would be expected to 
reduce its retention. 

The mode of operation of EDTA must be considered in relation to its pattern 
of ionisation taken in conjunction with that of the tetracyclines (Figs. 1 and 2). 
Within the pH range 3-5 the TCs exist as zwitterrions while EDTA exists predomi- 
nantly as dipolar anions with net charges of one or two units although at pH 3 a 
significant proportion of EDTA still exists in the zwitterionic form. Since the hydro- 
phobic surface of the SAS-Hypersil will prefer neutral zwitterions it is reasonable to 
suppose that a high proportion of any adsorbed EDTA will be in this form but that 
the proportion present as zwitterions will fall as the pH increases from 3 to 5. It 
seems to us most probably that the main mode of retention in the pH range 3-5 is by 
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Fig. 9. Inzrease of K of tetra&kes with passage of eluent containing EDTA. Packing: SAS-Hyper- 
sip; e~uentt i&i&y awer -dimet@fformamide (X:25. v/v) folIowed by water-&mshyXo~& 
(%:25, vjv) containing 0~301 M EDTAm 

formation of zwitterion pairs between the zwitterionic form of the TCs Andy the 
adsorbed zwitterions of EDTA. 

In the strongly acidic region of pH the TCs exist as cations and a xwittcrionic 
pairing agent is no longer reievant. What is now required is a pairing anion. In the 
intermediate pH range around 3 it is probabIe that both a pairing anion and a pairing 
zwitterion are required_ 

Role of pH &d aalfed salt 
Vmiution of pH wi:h EDNA present. Variation of pH in the range frcm 5.1 

(the pH of 0.001 M Na,EDTA) to 2.9 results ia considerable changes in k’ of TC as 
shown in Fig. 10, Independent of the mc+!er or acid used reAtcntion is a rnaxirnusrr 
at pH M 3.3. This pH is close to the pK, for the first ionization stages of TC and 
EDTA. At pH M 3 in aqueous solution there is a change on increasing pH from the 
zwitterion of EDTA to the doubly charged dipolar anion, whife for TC there is a 
changes from the cation to the zwitterion (Figs. 1 and 2)_ Thus the probability of 
forming zwittcrion Pairs between the EDTA xwittcrion and the TC zwittcrion will 
be a maximum at around pH 3. This correlates well with the observed maximum k 
at around pH 3.3 (Fig. 10). Since the eluent contains 25 % organic modifier and since 
the organic bonded phase will preferentially extract EDTA xwitterions it is very 
reasonable that the maximum in k’ should be at slightly higher pH than predict4 by 
considering a purely aqueous environment. 

E_ct of chmge of salt concentration with EDTA present. In a situation where 
an ion-pairing agent, P-, is strongly adsorbed by the cohunn packing it will be 
associated, in the absence of solute, S+, with a counter ion Ct. During elution S* 
must displace C* according to the equation 

Sf 4 c+P& + c+ f s+p,* 
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Fig. 10. DependenQ of k’ of t&acycliues on p& Packing: SAS-HypexGl; eluent: water-organic 
modifser (75%. v/v) coihning 0.001 M EDTA. pH adjusted by nitric acid (e) and citric acid (0). 

as in normal ion exchange where the ion exchanging group P- is chemically bonded 
to the surface rather than adsorbed on to it. One then expecb a linear relationship 
between k’ and l/[C+]. 

Fig. I1 shows plots of k’ verst(s the reciprocal of potassium nitrate concen- 
tration using ACN as modifier. Fig. 12 shows a similar plot using DMF as modifier. 
k’ is plotted against reciprocal ionic strength of citrate buff& whose composition was 
such as to maintain the pH at 5.35 irrespective of the total ionic strength. Both 
figures show the characteristic shape previously observed with-the ionized or ionizable 
paracetamol metabolites~ with a trend towards linearity at bigh ionic strengths and 
neanzero intercepts at i&&e ionic strength The behaviour shown in Figs. 1 L and 12 
is highly characteristic of an ion-pairing mechanism of retention. Unfortunately it 
gives no indication as to the nature of the pairing species and in particular whether 
or not zwitterion pairs could be involved. ..- 

While the addition of salts can be used to controi retention it also improves 
peak symmetry as mentioned under Comparison of acetonitrile and dimetkylformamide 
as ,modz3ers. This improvement is particularly dramatic when using ACN as modifier. 

Ck.& lengtk of bonded sttztionary &use 
Comparative data obtained with identical eluents using ODS-Hype& and 

SAS-Hype& are given in Table V. ODS-Hype& contains C,,H,, groups bonded to 
the surface and has residual $anol g.qtips capped with trime*Jylsilyl groups. The 
carbon content is about 9 % (w/w)_ SAS silica has CHa groups bonded to the s&ace 
and a carbon content of about 3 % (w/w); 



T
A

B
L

E
 V

 

E
FF

E
C

T
 O

F 
B

O
N

D
E

D
 C

H
A

IN
 L

E
N

G
T

H
 O

N
 R

E
T

E
N

T
IO

N
 U

SI
N

G
 O

D
S

=
 A

N
D

 S
A

S.
H

Y
PE

R
SI

L
S 

-.
-_

 
-1

__
- 

--
--

 
-_

-_
 

E
h?

tlt
 

B
on

d4
 t

na
te

ri
al

 
k’

 
Pl

at
e 

hr
ig

hr
 

(n
un

) 
__

_-
--

 
ii%

- 
T

C
 

O
T

C
 

D
M

C
 

C
lT

C
 

E
A

T
C

 
A

T
C

 
T

C
 

A
T

C
 

W
at

er
-d

im
ct

hy
lf

or
m

nm
Id

o (9
0:

10
, v

/v
) c

on
la

in
in

6 
5 

* 
lo

’*
 M

 
SA

S~
H

yp
cr

si
l 

3,
6 

4,
9 

6,
5 

7.
5 

15
,6

 
18

46
 

49
 

0.
04

 
0.

05
 

E
D

T
A

, 5
 *

 1
0”

 M
 K

N
O

,, 
1,

s 
8 

10
m

z M
ci

tr
ic

 a
ci

d,
 a

nd
 

O
D

S.
H

yp
cr

ai
l 

8,
O

 
lo

,2
 

14
-l

 
17

.8
 

- 
- 

- 
o&

I 
0.

05
 

2 
1 

IO
” 

M
 s

od
iu

m
 ci

tr
at

e,
 p

H
 5

.0
 

W
nt

cr
-n

cc
to

ni
tr

ilc
 (9

1.
5:

18
,5

, v
/v

),
 c

ha
in

in
g 

3 
l
 
10

” 
M

 
SA

S.
H

yp
rs

il 
1,

s 
1,

9 
- 

- 
7,

8 
0,

os
 

0.
1 

E
D

’i
’A

, 1
.1

 *
 1

0”
 M

 K
N

O
,, 

an
d 

ac
et

ic
 n

ci
d 

to
 S

iv
o p

H
 3

.0
 

O
D

S.
H

yp
cm

il 
1,

7 
2.

3 
- 

- 
22

 
0,

07
 

0.
3 



RENEWED-PHASE HPLC OFTETRACYCLINES 779 

21 

15 

k’ 

1C 

E 

C 

Fig. 11. Dependence ofk for tetracyclines on KNOs concentration. Packing: SAS-Hypasil; eluent: 
water-acetonitrik (7525, vlv) containing 0.001 M EDTA and HN4 added to give pH 325. 

Using DMF as modi6er retention on ODS-Hype& is just over twice that on 
SAS-Hypersil and the plate height obtained for both materials for all solutes is about 
O-OS mm- Using ACN as modifier retention of the monoaromatic TCs is roughly the 
same on the two materials and the plate height is just over 0-L mm with both. For 
the naphthdetic components retention on ODS-Hypersil Es about twice that on 
SAS-Hypersil and the pezks on ODS-Hypersil are more asymmetric than on SAS- 
Hypkrsil. Typical chromatograms of some monoaromatic TCs on the two materials 
are shown in Fig. L3 where the difference in retention using DMF as modiier is 
clearly seen. 

Evidently with ACN as modiier ODS-Hype& gives greater selectivity than 
does SAS-Hypersil of monoaromatic TCs from the naphthalenic TCs but poorer 

2cm 300 

M /icaic strength 

Fig. 12. Depedene of k’ for tetracyclims on concen&tion of citrate buGer adjusted to pH 5.4. 
Packing:~SAs-Hypefiil; eluent: water-dimetbylfo mamide (7525, v/v) containing 0.001 M EDTA. 
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F&e 13. Chroroatograms of temcyclines on ODS- aad SAS-l-lypersik Eluent: water-dimctbyl- 
formamide (9O:lO. v/v) containing O_CHXX M EDTA, 0.015 M citric acid, 0.02 M sodium citmte and 
O-05 M KNO, Column and detector as in Fig. 3, except sensitivity: O-1 ax_f_s_ 

plate e%ciency_ SAS-Hype& is undoubtedly preferable especially if it it desired to 
determine members of both cm under isocratic conditions. However, if DMF is 
used as modilier the sekctivity and plate heights are the same with both materials 
and tiere is little reason to prefer one over the other since the degree of retention is 
readily adjusted by changing the proportion of modifier. 

DeiemzimzZion of oxytetracycline in urine 

Both SAS and ODS-Hypersils can be used with direct injections of urine as 
has ken demonstrated previously 25J6. This is cle&y advantageous since possible 
errors arising from &an-up procedures are avoided. To test the applicability of the 
present methods to determination of tetracyclines in urine, samples were provided by 

0 C Spiked 

I I 

15 lb 5 
I I I 
0 15 10 ; 0 

timr/min 

Fig. 14. Chromzmgmms of 5 pi of urine samples on S-AS-HypsiiL Cunditions as in Fig. 13. C&) 
mrmal sampIe, @) sample following 2 days thempeutic dose of OTC, (C) zs B but spiked with OTC. 
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a volunteer who had taken a therqxutic dose of oxyteticycline over two days. 
Figs. 14 and. 15 show analyses of a urine blank, a mine following the therapeutic dose 
of OTtZ, and a urine spiked with additional OTC. Figs. 14 and 15 skow chromato- 
grams obtained on SAS and ODS-Hypersils, respectively. Tke OTC peak following 
tke therapeutic dose is clearly seen. While the&is always tke possibility that an 
endogeuous component could elute at the same time as OTC one could readiIy check 
this by carrying out analyses under different conditions of acidity or salt content 
when the OTC peak would be expected to move in a different way from any endogenous 
peak. It may be noted that the entire analysis take-s no more tkan 8 min when using 
SAS-Hypersil. 

_i 1 I I 

- 15 10 5 06 - 0 15 0 
lime /mh 

Fig_ 15. Chromatograms of 5 pl urine samples on ODS-Hype&. Ehentr water-dimethylforsnamide 
(82:18, v/v) contzining 0.001 h4 EDTA, 0.05 M citric acid, 0.013 h4 sodium citrate and 0.1 A4 KNO,, 
pH 3.5. Other conditions as in Fig. 93. 

In general, the injection of 20 urine samples czmsed no deterioration in cohmm 
performance. However, as an precaution against potential deterioration we adopted 
the practice of replacing the first 3 mm of column packing at the start of each day’s 
analyses. In routine applications it would be desirable to use a short throw-away 
precohmln. 

CONCLUSIONS 

(1) The tetracycline group may be separated with high efficiency (plate heigkts 
around 0.05 mm) using SAS- and ODS-Hype&Is in the pH range 3-5. Under tkese 
conditions there is no loss of bonded layer and columns are stable for long periods. 

(2) Within the pH range 3-5, the presence of EDTA at a concentration of 
about 10e3 M is essential for satisfactory chromatography. EDT-4 is thought to act 
as a zwitterion pairing agent with the zwitterionic form of the tetracycJ.ineS. 

(3) The optimum eluent must contain an organic modifier. Extensive corn- 
pzrisons of acetonitrile and dimethyiformamide show that dimetkylformanu -de in a 
volume proportion of l&25% is much superior in terms of peak symmetry and 
ability to resolve the complete range of TCs under isocratic conditions. 
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(3) In addition to EDTA it is desirable to add a salt suci as potassium nitrate 
to the ehrent at. a- concentration of around S - IOer M, and to stibii the pH by tfie 
addition of nitric; acetic,-or citric acid or suihble b&&s. 

(5) Retention of TC shows a- rrtaximum at pH 3.3. This & is close to the 
p& for the first ionimtion step of the TCs and may be indicative of the ion-pairing 
mechanism of separation. 

(6) Added salt reduces refentio~~ and improves the plate height in agreement 
with the hypothes~k of an ion-pairing mechanism. 

(7) Under the above uxtditions good quantitatio~ of the tetracy&nes izan be 
ca!xied out. 

(8) Under the above conditions oxytetracycline can readily be assayed in urine 
by direct injection of urine. The analysis ties less than 8 min w&n using SAS- 
Eiypersil as cohmn packing. The column perfom~ance does not deteriorate if the top 
3 mm is replaced daily. 
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