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1. Introduction 

It has been shown that non-ionic, gadolin- 
ium chelates, for example, gadoteridol [Gd(HP- 
DO3A)], are clinically useful as contrast agents 
in magnetic resonance imaging (MRI) [1,2]. 
The macrocyclic poly(amino carboxylate), 10- 
2-hydroxypropyl)-l ,  4, 7, 10-tetracyclododec- 
ane-l,4,7-triacetic acid, HP-DO3A, forms a 
complex with gadolinium with a formation 
constant, Kr, of  23.8 [3]. The analogous dys- 
prosium chelate, Dy(HP-DO3A) (Fig. 1), is 
also being evaluated as a potential MRI con- 
trast agent which promotes Tz-shortening. 

-OOC COO- 

t, 
N N 

- o o c  

.Dy(HP-DO3A) 
Fig. 1. Chemical structure of the dysprosium chelate, 
Dy(HP-DO3A). 

* Corresponding author. 

Since gadolinium and dysprosium are both lan- 
thanides and Dy(HP-DO3A) is isostructural 
with Gd(HP-DO3A), the formation constants 
of Dy(HP-DO3A) and Gd(HP-DO3A) are ex- 
pected to be of  a similar magnitude. It is well 
established that free lanthanides are poorly tol- 
erated in animals and are deposited in tissues, 
especially liver and bone [4,5]. It is, therefore, 
important to determine trace levels of free dys- 
prosium in Dy(HP-DO3A) if this complex is to 
be utilized as an in-vivo contrast agent. 

Since its introduction in 1975, ion chro- 
matography has become an extremely useful 
method for the separation of many types of 
ions [6]. Ion-exchange chromatography has 
been especially useful for the determination of 
trace rare earth elements in industrial and geo- 
logical materials with such detection methods 
as inductively coupled plasma-atomic emission 
spectrometry [7-9] and direct-current plasma 
emission spectroscopy [10,1 1]. 

In some cases, particularly for the separation 
of inorganic ions, ion-pair [12 16] or dynamic 
ion-exchange [17,18] chromatography is a vi- 
able alternative to ion-exchange chromatogra- 
phy. The most common mode of ion-pair 
chromatography is reverse phase with a mobile 
phase consisting of an aqueous buffer with an 
added counterion or ion-pair reagent. 

Even with an effective separation mecha- 
nism, however, conventional LC detection sys- 
tems are not well suited for the direct 
determination of trace levels of many metal 
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ions, including lanthanides. The sensitivity and 
selectivity of conventional detectors may be 
greatly enhanced through the use of post- 
column reaction techniques in which the metal 
ions are complexed or derivatized with a chem- 
ical reagent prior to detection. Several reviews 
have been written detailing the advantages and 
disadvantages of the four major post-column 
reactor types: tubular or capillary, bed, seg- 
mented stream, and membrane [19-24]. Of 
these, membrane reactors, which deliver post- 
column reagent through the wall of the mem- 
brane by pressurized diffusion, offer an 
advantage over the other reactor types by elim- 
inating the peak broadening and baseline noise 
effects often encountered when an additional 
pump is necessary to deliver reagent. Post- 
column reaction techniques with hollow fiber 
membrane reactors have been used for assays 
of penicillins [25-27], amino acids [28], barbi- 
turates [29], fl-lactamase inhibitors [30, 31], 
and the determination of glucose [32,33], per- 
oxides [34], and lanthanides [35]. 

Combining the techniques of ion-exchange 
or ion-pair LC with a variety of post-column 
reactors and post-column reagents has led to 
the selective separation and sensitive detection 
of metal ions in a wide variety of samples 
[17,36-40], including lanthanides [41 43] and 
rare earth elements [44,45]. 

This paper describes the combined use of 
ion-pair chromatography for the separation of 
the lanthanide Dy 3+ from an organic matrix 
with the post-column reaction of Dy 3+ with 
Arsenazo III in a hollow fiber membrane reac- 
tor and detection in the visible region. Octane- 
sulfonate was used as the ion-pair reagent to 
modify the reverse-phase surface of the column 
and allow for separation via ion-exchange. Hy- 
droxyisobutyric acid was used as a complexing 
agent in the mobile phase because it has previ- 
ously demonstrated excellent complexing capa- 
bilities with many polyvalent metal ions 
[17,38-40,42,44]. The peak shape, sensitivity, 
and reproducibility of standard injections were 
dependent on the concentration and flow rate 
of the post-column reagent. The linearity and 
limit of detection were determined. 

2. Experimental 

2.1. M a t e r i a l s  

1-Octanesulfonic acid, sodium salt (octane 

sulfonate), 2-hydroxyisobutyric acid (HIBA), 
2, 2' (1,8-dihydroxy-3, 6-disulfonaphthalene-2, 7- 
bisazo)bisbenzenearsonic acid (Arsenazo III) 
and urea were obtained from Aldrich (Mil- 
waukee, WI, USA). Sodium hydroxide pellets 
were obtained from Fisher (Springfield, N J, 
USA). Trace metal grade glacial acetic 
acid was obtained from Mallinckrodt (Paris, 
KY, USA). Dysprosium chloride, hexahy- 
drate, 99.99%, was obtained from Johnson 
Matthey/Aesar (Seabrook, NH, USA). The 
water was LC/organic free from a SYBRON/ 
Barnstead NANOpure II system (Boston, 
MA, USA). 

The LC system consisted of a Model 8800 
pump from Spectra-Physics (Piscataway, NJ, 
USA) with metal-free solvent inlet filters, a 
Rheodyne Model 7010 injector with a 
titanium, 20-1J1 (nominal) fixed loop 
from Rainin Instrument Co., Inc. (Woburn, 
MA, USA), and an ABI Analytical Spec- 
troflow 757 absorbance detector (658nm) 
from ABI Applied Biosystems (Foster City, 
CA, USA). 

Along with the Spectra-Physics Model 4200 
integrator, the output signal was also deliv- 
ered to a Spectra-Physics LABNET data col- 
lection system for processing. A Delta-Pak 
HPI Ct8, 5 p.m, 300,~, 150 × 3.9 mm column 
from Waters, Division of Millipore (Milford, 
MA, USA) was used with a mobile phase 
containing octanesulfonate (10 mM) and 
HIBA (60mM), pH 5.5, at a flow rate of 
1.0mlmin -1. The post-column reaction sys- 
tem consisted of a Dionex Reagent Delivery 
Module with an IonPac ~ membrane reactor, 
48 cm fiber, from Dionex Corporation (Marl- 
ton, N J, USA) used with a post-column 
reagent containing Arsenazo III (0.065 mM), 
urea (5 mM) and glacial acetic acid (31 mM) 
delivered at 0.6 ml min 1, 68 72 psi. 
Wherever possible, the systems were plumbed 
with PEEK tubing. 

2.2. M e t h o d s  

Prior to use, the column was conditioned by 
pumping mobile phase at 1.0mlmin -~ for 
0.5 h, with the column eluant flowing directly 
through the post-column reactor fiber. Post- 
column reagent was then delivered into the 
membrane reactor at 0.6mlmin ~ to perme- 
ate the fiber and mix with the column eluant. 
The system was ready for use when a steady 
baseline was obtained, usually within 0.5 h. A 
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Table 1 
Reproducibility of Dy 3÷ standard injection as a function of the flow rate of Arsenazo llI (0.13 mM) 
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Flow rate Theoretical Dy 3+ Measured Dy 3+ RSD (%) 
(mlmin ') conc. (~tgm1-1) conc. (ggml ') ( n = 1 0 )  

0.3 6.02 6.02 + 0.75 12.5 
0.4 6.02 6.02 + 0.58 9.6 
0.5 6.17 6.17_+ 0.35 5.6 
0.6 5.87 5.87 + 0.18 3.1 
0.7 6.12 6.12 + 0.45 7.3 
(1.8 6.12 6.12 + 0.31 5.0 

Table 2 
Reproducibility of Dy'  ÷ standard injection as a function of the flow rate of Arsenazo I11 at a flow rate ot" 0.6 ml min ' 

Arsenazo 111 Theoretical Dy 3 + Measured Dy'  ~ RSD (%1 
conc. (raM) conc. (lagml t) conc. (pgml ~} 0 1 -  10) 

0.130 5.87 5.87 +0.18 3.1 
0.065 6.12 6.12 +0.22 3.7 
0.(133 6.12 6.13_+0.17 2.8 
0.033 5.95 6.00 + 0.23 3.8 
0.(113 5.95 5.94 + 0.18 3.0 

0.016 mg m l  1 solution of dysprosium chloride 
prepared in mobile phase was injected for sys- 
tem suitability. The RSD of the Dy 3+ peak 
response was < 5%. 

Working sample solutions were prepared by 
dissolving 60 mg of sample in 2 ml of mobile 
phase. To minimize dissociation and elevated 
levels of Dy 3 + over time, samples were injected 
within 1 h of preparation. Dysprosium chloride 
standard solutions (0.052-14 gg Dy 3+ ml ') 
were also prepared in mobile phase and were 
stable for 24 h. 

3. Results and discussion 

Ion-pair chromatography is useful for the 
separation of trace levels of Dy 3+ from an 
organic matrix. However, Dy 3+ does not ab- 
sorb or fluoresce strongly enough to be de- 
tected by conventional LC detectors. When 
Dy 3 + is complexed with Arsenazo III in a 
hollow fiber post-column reactor, the detector 
response at 658 nm is greatly enhanced. Arsen- 
azo III exhibited a significantly higher sensitiv- 
ity for Dy 3+ than 4-(2-pyridylazo)-resor- cinol 
monosodium salt (PAR) which has often been 
used as a post-column reagent for the detection 
of lanthanides [37-39,41,43,45]. In this case, 
PAR was found to be an unsuitable reagent for 
several reasons including poor  sensitivity and 
reproducibility of  the Dy 3+ peak, drifting and 

unstable baselines, and the observation of in- 
terfering peaks. 

When post-column reactors are used with 
LC, peak shape, sensitivity and reproducibility 
are dependent on the flow rate and concentra- 
tion of the post-column reagent [46]. In this 
case, the LC/post-column reaction system was 
metal-free wherever possible because of the 
extreme sensitivity of Arsenazo 1II to many 
free metals. Ten replicate injections of  a Dy 3~ 
standard (6 gg ml ~) made at each of six differ- 
ent flow rates of Arsenazo III (0.13mM) 
demonstrated that reproducibility is a function 
of flow rate (Table 1). A flow rate of 
0 .6mlmin  J yielded the lowest RSD (3.1%) 
and, hence, the optimum flow rate of Arsenazo 
III in terms of reproducibility. Ten replicate 
injections of a Dy 3+ standard (6~tgml ') 
made at each of four different concentrations 
of  Arsenazo III at the optimum flow rate of 
0 .6mlmin  1) showed that, in this case, the 
reproducibility is not significantly effected by 
the concentration of post-column reagent 
(Table 2). However, a sharp reduction in peak 
tailing was observed at concentra- 
tions ~< 0.065 mM, with a corresponding reduc- 
tion in sensitivity as the concentration was 
reduced. Overall, optimum peak shape, sensi- 
tivity and reproducibility are exhibited when 
using Arsenazo III (0.065 mM) at a flow rate of 
0.6 ml m i n  ' and, under these conditions, ten 
replicate injections of a Dy 3 + standard 
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Fig. 2. Representative chromatograms of  Dy 3+ in a DyC13 standard solution ( - - )  and a Dy(HP-DO3A) sample, 
0.012% (w/w) ( - - - ) .  Conditions: Delta-Pak HPI (150 x 3 .9mm)  column, aqueous mobile phase (pH 5.5) containing 
sodium octanesulfonate ( 10mM )  and hydroxyisobutyric acid (HIBA; 60mM) ,  at a mobile phase flow rate of  
1.0 ml min - t ,  Arsenazo III (0.065 mM) post-column reagent at a post-column reagent flow rate of  0.6 ml m i n - t  and 
visible detection at 658 nm. 

Table 3 
Retention time and respose factor of  Dy 3 + standard injection as a function of the concentration of  HIBA with mobile 
phase pH of  3.8 

HIBA conc. Dy 3 + retention Dy 3 + conc. Dy 3 + peak Dy 3 + response 
(mM) time (min) (rtg ml-~)  area counts  factor ( X 10 -6) 

100 2.5 0.77 92688 8.3 
90 5.0 0.74 76458 9.7 
85 6.7 0.70 81932 8.5 
80 7.0 0.80 86261 9.3 
75 8.4 0.69 76279 9.0 

(7 lag ml ~) yielded an RSD of  1.5%. A chro- 
matogram of a standard injection is shown in 
Fig. 2. 

The standard response was linear in the 
range of 0.052-141ag Dy 3+ ml 1 and linear 
regression analysis yielded a correlation co- 
efficient of 0.9998. Although a placebo was not 
available for the determination of standard re- 
covery, recoveries of 94.1-97.1% were ob- 
tained for a sample of Dy(HP-DO3A) spiked 
with 3 -9  lag Dy 3 + ml -  l (3 -9  p.p.m.). Concen- 
trations of  Dy 3 + as low as 0.0003% (w/w) were 
quantitated with S/N/> 3 and the detection 
limit of Dy 3+ in Dy(HP-DO3A) was 0.00015% 

(w/w). A chromatogram of an injection of a 
Dy(HP-DO3A) sample containing 0.0012% 
Dy 3+ (w/w) is shown in Fig. 2. Ruggedness 
testing indicated that over 300 injections could 
be made on the column with no detectable 
reduction in column performance. 

It is known that when using ion-pair chro- 
matography, retention times can be strongly 
influenced by the pH of  the mobile phase 
[16,17,43]. During method development, dup- 
licate injections of  a Dy 3+ standard (0.7 lag 
ml -~) made with varying concentrations of  
HIBA in the mobile phase (pH 3.8) showed 
that the retention time was also dependent 



J.A. Troskosky et al. / J. Pharm. Biomed. Anal. 13 (1995) 1421 1426 

Table 4 
Dissociation of a Dy(HP-DO3A) sample prepared in mobile phase (pH 5.5) as a fimction of time 
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Injection time Dy 3+ conc. Dy(HP-DO3A) Dissociation attributed 
(min) (%, w/w) dissociation (%) to mobile phase pH (%) 

I) 0.00038 0.0013 NA 
11 0.00043 0.0015 0 0002 
21 0.00042 0.0015 0 0002 
32 0.00045 0.0016 00003 
43 0.00046 0.0016 00003 
54 0.00054 0.0019 0.0006 

upon the concentration of HIBA. However, 
the mM concentration of HIBA in 10 000-fold 
excess did not significantly effect the Dy 3~ 
peak response factor, indicating that the for- 
mation of the Dy 3+-Arsenazo III complex was 
also uneffected (Table 3). For this method, 
retention time was not a major concern, but 
the pH of the mobile phase was a crucial 
factor in the accurate detection of Dy 3 + owing 
to the potential instability of Dy(HP-DO3A) 
below pH4.4. Dy(HP-DO3A) samples pre- 
pared in mobile phase with pH 5.5-7.0, when 
reacted with the Arsenazo III solution 
(pH < 3), resulted in reduced peak response 
and significant peak tailing. Samples prepared 
in mobile phases with pH<5 .5  dissociated 
fairly rapidly, resulting in the detection of ele- 
vated levels of Dy s+. Studies were conducted 
to quantify the stability of the Dy(HP-DO3A) 
complex over time using the optimized mobile- 
phase conditions. Dy(HP-DO3A) sample solu- 
tions in mobile phase (pH 5.5) were analyzed 
f o r  D y  3+ o v e r  a 1 h time period. Results re- 
vealed that no significant dissociation of the 
sample was measurable, other than that at- 
tributed to Dy 3+ initially present in the sample 
(Table 4). Thus, Dy(HP-DO3A) samples pre- 
pared in mobile phase with pH 5.5 yielded the 
optimum peak response and represented the 
best compromise between the peak tailing ob- 
served above pH 5.5 and the sample dissocia- 
tion observed below pH 5.5. When prepared 
with mobile phase of pH 5.5 and injected 
within l h of preparation, the peak shape is 
acceptable and the percentage of dissociation is 
not significant. 

In conclusion, this ion-pair LC method com- 
bined with post-column reaction provided for 
the sensitive detection of Dy 3+ in Dy(HP- 
DO3A), whereby concentration levels as low as 
0.0003% (w/w) were easily quantitated. The 
method is rugged, rapid (<  10 min), linear and 
reproducible. 
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