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Abstract

The retention behaviour of 17 dansylated biogenic amines in 6 linear gradients at 13 solvent combinations,
expressed by the selectivity points (P;) according to the ‘PRISMA’ model, was investigated. The dependence between
the retention times (r) and different gradients was examined. Three dimensional resolution (R,) maps for each
peak-pair in the different gradients at the 13 selectivity points were constructed, and the affect of the gradients on
separation were investigated. The study showed that the dependence between the gradients and ¢, values of dansyl
amides can be expressed using quadratic functions with a high degree of accuracy. These functions are well suited for
estimating the resolution in different gradients and P,. The three dimensional R, maps clearly demonstrated the
changes between the different gradients and P,. This was of considerable benefit when searching the optimum mobile
phase by changing both the solvent strength (S;) and selectivity. © 1997 Elsevier Science B.V.
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1. Introduction

When analysing new compounds by HPLC ac-
curate optimization of the chromatographic sys-
tem is crucial. Many different optimization
procedures are used to optimize HPLC separa-
tions, such as overlapping resolution mapping
[1-3], window diagrams [4], sequential simplex
procedures [5,6] and iterative mixture design [7].
The increasing application of computers in the
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optimization of chromatographic systems has infl-
uenced the development of commercial optimiza-
tion software [8—12].

One of the optimization methods also used in
HPLC is the ‘PRISMA’ model developed by
Nyiredy et al. (1985) [13]. The three dimensional
‘PRISMA’ model is an easy and efficient method
for systematically optimizing the mobile phase in
various liquid chromatography techniques. In the
‘PRISMA’ model the elution can be carried out in
isocratic or gradient mode. Gradient elution can
be performed in order to change solvent strength
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(S1), selectivity or both. These three gradient pos-
sibilities are called isoselective multisolvent gradi-
ent elution (IMGE), selective multisolvent
gradient elution (SMGE) and isocratic multisol-
vent gradient elution (ICMGE) [14,15].

Gradient elution is widely applied in liquid
chromatography because it is a powerful method
for separating complex mixtures with widely vary-
ing retention characteristics. It can also be used as
a rapid development method for isocratic separa-
tion by HPLC [16,17]. Biogenic amines have a
broad range of polarity, and gradient elution is
preferred instead of isocratic. Also the polyamines
spermidine and spermine require gradient elution
because they are strongly retained on the column.
The naturally occurring amines, especially
polyamines, are normal constituents of human,
animal and plant cells. They play an important
role in cell division, growth, and differentiation
[18]). The technique widely used for analysing
biogenic amines is HPLC [19,20].

In this work, the chromatographic behaviour of
17 difficult separable dansyl amides was studied
using 6 different linear gradients at 13 solvent
combinations mixed according to the ‘PRISMA’
model. The influence of solvent strength (Sy) and
different solvent combinations described by the
selectivity points (P,) on resolution was investi-
gated. The aim of the study was to express math-
ematically the dependence between the retention
behaviour of dansyl amides and various gradient
times, and to determine the availability of the
obtained relations when estimating the resolution.
The aim was also to develop an easy and simple
method for determining the mixture of eluents
giving the best separation under the conditions
used for dansyl amides.

2. Theory
2.1. The ‘PRISMA’ system

The ‘PRISMA’ system is a mixture design
model and it consists of three parts. The first part
includes the selection of basic parameters, e.g. the
chromatographic system, stationary phase and the
suitable individual solvents. The solvents are se-

lected on the basis of the Snyder classification of
solvents [21], according to their properties as pro-
ton acceptors and proton donors and their dipole
interactions. In the second part the optimal condi-
tions of the selected solvents are determined by
the ‘PRISMA’ model. The third part concerns the
transfer of the optimized mobile phase between
the various column and planar chromatographic

a)

100 % THF ST= 4.5

100 % MeCN S.=3.2

57.8 % THF

42.2% H,0 81.3 % MeCN

18.7 % H,O

MeOH S;=2.6

b)

MeOH MeCN

Fig. 1. (a) The three dimensional ‘PRISMA’ model. The
solvent strength (Sy) was increased during the chromato-
graphic run from 0.13 to 2.6 while keeping the selectivity (P,)
constant. (b) The selectivity points describing the horizontal
plane in the regular part of the ‘PRISMA’ model. The 13
studied selectivity points are underlined and the middle point
(P, =333) is denoted by (®).
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techniques and the adjustment of necessary oper-
ating parameters, e.g. flow rate, development
mode (in the case of planar chromatography) and
particle size of the stationary phase.

2.2. The ‘PRISMA’ model

The actual optimization of separation is made
by the second part of the system; the ‘PRISMA’
model. The model can be visualized as a three-di-
mensional geometrical design, which correlates
the solvent strength (S1) with the selectivity of the
mobile phase. It consists three parts: an irregular
top part, a regular middle part and the lower part
symbolizing the modifier(s) (Fig. 1a). The lengths
of the edges of the prism correspond to the sol-
vent strengths of the used pure solvents. If these
pure solvents are diluted to the same solvent
strength as the solvent with the lowest S, with
hexane in normal-phase chromatography (NP-
HPLC) or water in reversed-phase chromatogra-
phy (RP-HPLC) the regular part is obtained.
Solvent strength and/or incidental tailing can be
influenced by small amounts of modifiers, symbol-
izing by the lower part of the prism. These are
usually present in low and constant concentra-
tions and the solvent strength values of the
modifiers are neglected in the optimization pro-
cess [22]. The mixtures of mobile phases, i.e. the
volume fractions (/) of the diluted organic sol-
vents, can be represented by the selectivity points
(P,), and they can be depicted as three-digit num-
bers (Fig. 1b). These numbers—where the sum of
the three digits is 10—are obtained by multiply-
ing the volume fractions by 10 and arranging
them in order of diminishing solvent strength. The
points symbolize quaternary, ternary or binary
solvent mixtures. The construction of the model
and the role of the solvent strength and the selec-
tivity points are described extensively in Nyiredy
et al. (1989) [23].

3. Materials and methods

The biogenic amines (see Table 1 for structures)
and dansyl chloride were purchased from Fluka

Table !
Structure of the biogenic amines

| Ethanolamine HOCH,CH,NH,

2 Ethylamine CH;CH,NH,

3 Propylamine CH;CH,CH,NH,

4 Diethylamine (CH,CH,).NH

5 Butylamine CH,CH,CH-,CH,NH,

6 Benzylamine

CH,NH,

>

7 Tryptamine

CHoCHoNH,

H

8 Phenethylamine

Q CH,CHoNH,
9 Pentylamine CH,;CH,CH,CH,CH,NH,
10 Histamine
1\
4 CHoCHoNH,
N—H
11 Putrescine NH,CH,CH,CH,CH,NH,

12 Cadaverine

13 Hexylamine

14 1,6-Diaminohex-
ane

15 Tyramine

NH,CH,CH,CH,CH,CH,NH,
CH,CH,CH,CH,CH,CH,NH,
NH,CH,CH,CH,CH,CH,CH,NH,

HO CH5CHoNH,

16 Spermidine
17 Spermine

NH,(CH,),NH(CH,),NH,
NH,(CH,);NH(CH,),NH(CH,);NH,
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Table 2

The retention data of 17 dansyl amides at P, =631 in six gradients

15 min 20 min 25 min 30 min 35 min 40 min

Ethanolamine 8.42 9.53 10.44 11.31 12.12 12.94
Ethylamine 11.05 12.88 14.59 16.2 17.7 19.2

Propylamine 12.29 14.57 16.68 18.68 20.86 22.48
Diethylamine 12.76 15.24 17.73 19.97 22.09 242

Butylamine 13.42 16.08 18.53 20.91 23.2 255

Benzylamine 13.59 16.3 18.88 21.38 23.76 26.17
Tryptamine 13.64 16.47 19.11 21.69 24.19 26.72
Phenethylamine 14.06 16.94 19.7 22.37 24.92 27.5

Pentylamine 14.44 17.43 20.23 22.94 25.58 28.21
Histamine 14.52 17.68 20.65 23.56 26.39 29.23
Putrescine 14.32 17.38 20.32 23.19 25.95 28.74
Cadaverine 14.67 17.85 20.91 239 26.78 29.69
Hexylamine 15.35 18.63 21.78 24.82 27.77 30.72
1,6-diaminohexane 15.09 18.43 21.59 24.69 27.73 30.77
Tyramine 16.21 19.91 23.48 26.97 30.38 33.78
Spermidine 16.52 20.4 24.11 27.76 31.35 34.95
Spermine 18.05 22.08 26.52 30.77 34.9] 39.06

Table 3

The retention data of 17 dansyl amides in 30 min gradient at thirteen selectivity points

30 Min

811 631 361 181 163 136 118 316 613 333 334 343 433
Ethanolamine 13.69 11.31  11.7 11.93 1294 1374 1405 13.06 12.04 1259 12,65 1243 1227
Ethylamine 19.45 16.2 1682 1733 1781 17.8 1774 1716 16.6 17.26 1729 17.18 17.08
Propylamine 2263 1868 1924 1972 2021 2004 1982 1976 19.12 19.74 19.69 19.63 19.55
Diethylamine 2375 1997 21.27 2201 2254 2201 2155 21.04 2044 2148 2146 215 21.28
Butylamine 25.56 2091 21.57 2204 2252 2218 21.81 21.66 2148 2205 2199 2197 2191
Benzylamine 2641 2138 21.75 2236 2263 222 2193 2203 2209 2231 2223 2219 2226
Tryptamine 26.88 21.69 22.04 2225 2283 2264 2234 2263 2258 228 2273 2264 227
Phenethylamine 27.53 2237 23.03 2351 24.08 236 2326 2331 2315 2361 23.54 2351 235
Pentylamine 28.09 2294 2371 2422 2464 2409 236 2366 2358 2419 2409 2412 24.06
Histamine 28.84 2356 2494 2604 2673 2609 2518 2531 2451 2564 2566 25.62 2537
Putrescine 2852 2319 2421 2494 2547 2469 2397 2396 2378 2489 2448 2457 244
Cadaverine 2941 239 2498 2577 2621 2528 2451 2459 245 2529 2518 2529 2512
Hexylamine 3037 2482 2576 2633 2664 2582 2521 2548 2553 2615 2601 26.09 26.08
1,6-diaminohexane  30.37 24.69 2586 26.73 27.05 26.09 255 2531 2527 2613 2599 2615 2597
Tyramine 331 2697 2845 2957 2953 2818 2732 27.79 2777 28.65 28.52 28.68 28.52
Spermidine 3461 27.76 2932 30.66 3043 2938 27.76 28.17 2831 2929 28.62 2889 29.17
Spermine 3999 3077 3287 3492 3362 3125 3006 3082 31.22 323 3201 3251 3227

AG (Switzerland). Ammonia, sodium hydroxide
and sodium bicarbonate were purchased from
Merck (Germany). The water was distilled and
deionised. Methanol (Baker, Holland), acetoni-
trile and tetrahydrofuran (Merck, Germany) were
of HPLC quality.

The HPLC system consisted of a Beckman
System Gold programmable solvent module 126,
autosampler 502, programmable detector module
166 (Fullerton, USA) coupled to a Osborne
386SX personal computer (USA) and Epson LX-
850 integrator (Japan). The UV detector operated
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at 25)4 nm. A Nova-pak C18, 4 pm, 150 x 3.9 mm
ajso
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Fig. 2. The dependences between the 7, values of 17 dansyl
amides and rate of change of S at (a) P, =811, (b) P, =181
and (c) P,= 118 (see Table 1 for compounds).

I.LD. (Waters Millipore, Part No. 863344) re-
versed-phase column was used.

The amines were dissolved in 0.4 M perchloric
acid; 5.0 mg of pure amines in 20.0 ml of solvent
gave optimum concentrations. After centrifuga-
tion, 0.4 ml of 2 M sodium hydroxide and 0.6 ml
of saturated sodium bicarbonate were added to
3.0 ml of the supernatant to make the solution
basic. Then, 1 ml of 1% dansyl chloride in acetone
and 1 ml of acetone were added. The mixture was
incubated at room temperature for 45 min. After
derivatization, 0.2 ml of ammonia was added to
the reaction mixture to remove the nonreacted
dansyl chloride. After 30 min the volume was
adjusted with acetonitrile to 10.0 ml. The dansyl
derivatives were protected against light and stored
at —20°C [24].

Combinations of tetrahydrofuran (THF), ace-
tonitrile (MeCN), methanol (MeOH) and water
were used as the mobile phase (see Results and
Discussion). Six linear gradients (15, 20, 25, 30, 35
and 40 min) with a flow-rate of 1 ml min ' were
used. The system was re-equilibrated for 10 min
after each run. The gradients were performed at
the 13 selectivity points (see Results and discus-
sion). The reliability of measurment the retention
times was tested for 17 amines by the reproduci-
bility of the intra-assay (C.V.% =0.04-0.09, n = 6
for 17 amines in each P,).

The statistics were performed on Macintosh
versions of StatView II and Systat 5.1

4. Results and discussion
4.1. Construction of the mobile phase

Reversed-phase material was selected as the
stationary phase for the separation of the dansyl
amides.  Tetrahydrofuran, acetonitrile  and
methanol were selected in accordance with the
Snyder classification of solvents. Water was used
as the solvent strength regulator.

The solvent strength of acetonitrile (Syeen =
3.2) and tetrahydrofuran (Syyp=4.5) was first
adjusted by dilution with water to the same sol-
vent strength as methanol (Sy.on = 2.6) (Fig. 1a).
Thus, the solvent strength of 100% MeOH corre-
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25.

y = 0.984x + 0.113
r=0.989

P, =811 >

»o°
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Flsexp

Fig. 3. The dependences between the experimental (R,,;) and
estimated (R,,) resolutions at P,= 811 (see Table 1 for com-
pounds).

sponds to 81.3% MeCN or 57.8% THF aqueous
solutions. The increase in the solvent strength
from 0.13 to 2.6 during the gradient run corre-
sponds to a change in the organic solvent from 5
to 100%. The dansyl amides were tested using six
linear gradients: 15, 20, 25, 30, 35 and 40 min
gradients. The gradients were performed at 13
selectivity points (P,=811, 181, 118, 631, 361,
163, 136, 316, 613, 433, 343 and 334, and the
middle selectivity point 333) (Fig. 1b). For exam-
ple, the selectivity point 811 at Sy = 2.6 represents
solvent fractions of 46.2% THF, 8.1% MeCN,
10.0% MeOH and 35.6% H,O. Tables 2 and 3
show the examples of the used retention data at
the P, =631 in every six gradients and in 30 min
gradient at 13 selectivity points.

4.2. The dependence between the S and retention
data

The retention behaviour of the 17 dansyl
amides was studied using the six different gradi-
ents at 13 solvent combinations. The retention
times (7, values) of dansyl amides were plotted
against the rate of change of solvent strength (R.),
ranging from 0.062 to 0.165 A4St min~! The S;
value changed from 0.13 to 2.6 in 15, 20, 25, 30,
35 and 40 min. The rate of change of S described
the steepness of the gradient, i.e. the change of

concentration of organic modifier per unit time.
The linear, quadratic and cubic regression func-
tions for the measured retention data were stud-
ied.

There were clear quadratic dependences be-
tween the 7, values of 17 amine derivatives and
gradient elutions, as can be seen from the basic
selectivity points 811, 181 and 118 in Fig. 2. The
results closely followed the quadratic regression
functions at all the studied selectivity points:

t.=aR2+ bR, +¢ (n

where a, b and ¢ are coefficients and R, is the rate
of change of solvent strength. The correlation
coefficients, r, varied 0.996-0.999 (n = 6 for each
of the 17 amines at the 13 P,). The spreading of ¢,
values between the dansyl amines at these three
selectivity points was greatest in the 40 min gradi-
ents (0.062 A4S, min ") and largest at the P,
=811 (15.72 <1, < 48.87) (Fig. 2).

The availability of these functions in calculating
resolution (R,) were investigated at four selectivity
points; 811, 181, 118 and the middle point 333.
The retention times (¢, values) were first estimated
using the quadratic regression functions Eq. (1).
The resolutions for the dansyl amides were calcu-
lated using the estimated and experimental ¢, val-
ues:

1
R ==N'"1, —
S 2 (Il

it + 1) 2)
where N is the average number of theoretical
plates for the two peaks and ¢, and ¢, are the
retention times of the adjacent peaks [25]. High
dependences were achieved for each of the 16
peak pairs between the experimental (R,,,) and
estimated (R,.,) R, values expressed as the linear
regression functions (r=0.989-0.999 using six
gradient times at each P) (Fig. 3).

4.3. The three dimensional resolution (R,) maps

The second aim of this study was to show
descriptively how the different gradients and sol-
vent combinations affect the separation of 17
dansyl amides. The quality of a separation was
measured on the basis of the resolution (R,) Eq.
(2). A total of 78 different chromatographic con-



K. Outinen et al. /J. Pharm. Biomed. Anal. 15 (1997) 819-829 825

i b 56
- |
o §
s~ 12
P11l
3
[}
(] -
o
2
5 16
7 2
S = i
< i
i ' 15
- Ll 1
i |
j ! 17
- i L : "\ i, . |
A : AN . TN i i i
o L N L
o T Y T 7 T T T T T Y T
0 40

Times (min)

Fig. 4. The chromatogram of 17 dansyl amides at P, = 181. St changed from 0.13 to 2.6 in 35 min. Flow rate: | ml min ~', Column:
Nova-pak C18, 4 um, 150 x 3.9 mm I.D. Detection: UV 254 nm. (see Table 1 for compounds).

ditions for the separation of 17 dansyl amides were
investigated.

The resolutions changed considerably with dif-
ferent gradients and selectivity points. The com-
pounds eluting at the beginning and end of the
chromatographic run (compounds 1-3 and 17)
were always easily separated. The middle-eluting
dansyl amides (compounds 4-6 and 10, 13 and 14)
were difficult to separate, often being only partially
separated or coeluted. The retention order of
compounds 4, 10, 13 and 14 also changed depend-
ing on the gradients and P,. The shortest gradients,
15 and 20 min, were found to be too short to
achieve a good separation. The eluents contain-
ing mainly MeCN or MeOH (P, = 181 and 118)
gave the poorest separation for the dansyl amides
(Fig. 4).

The data obtained with the 78 different chro-
matographic conditions (1248 R, values) proved to
be difficult to treat as a whole. Therefore an
approach was developed to get an overview about
separation in various P,. An R, value of 1.2 was
used as the benchmark for a goor average separa-

tion because it resulted in a less than 1% overlap
for the peaks studied. The separation of the dansyl
amides was examined using three-dimensional res-
olution maps. R, values below 1.2 were omitted and
values above 1.2 were chosen for each P, and
gradients. The number of resolution values exceed-
ing R, > 1.2 (R,,,) was counted and three dimen-
sional resolution maps were plotted using these
values. The changes in resolution between the
different S and P, values could be more descrip-
tively presented using these R, values because the
whole dataset could subsequently be expressed with
six maps (Fig. 5.). The selectivity points are coor-
dinated by the x and y axes and the number of
resolution values exceeding R, > 1.2 (R, by the
z axis. The changes in resolution between the P,
could be clearly seen especially from the shape of
the maps of the longer gradients (Fig. 5d—f). The
best separations for the 17 dansyl amides were
achieved at the THF corner of the prism; this was
the case for all gradients. The number of resolution
values exceeding R, > 1.2 decreased on moving
towards the MeCN and MeOH corners.
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Fig. 5. The three dimensional resolution (R,) maps of (a) 15 min, (b) 20 min, (c) 25 min, (d) 30 min, (¢) 35 min and (f) 40 min
gradients at the 13 selectivity points.

The changes in resolution were also depicted 613 and 433 (Fig. 7). These eluents maintained
using a two-dimensional line chart (Fig. 6.). The good separation with both short and longer gradi-
best eluents mainly contained THF; P, = 811, 631, ents. The run time of the first three gradients was
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Fig. 6. The two dimensional line charts describing the changes of resolution at the different gradients and selectivity points (a) at
P, =811, 631, 361, 181, 163, 136 and 118; (b) at P, =316, 613, 433, 343, 334 and 333.

much too short to achieve a good separation. the 35 and 40 min gradients were quite small, and
When the gradient time was increased, the resolu- thus both can be used as the acceptable gradient.
tion increased. However, the differences between Further optimization can be performed based on
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Fig. 7. The chromatogram of 17 dansyl amides at P, = 631. (see Fig. 4 for the other conditions and Table 1 for the compounds)

these results. For example at P, =631 using a 35
min gradient, the separation can be improved by
changing the initial and final solvent strength.
Depending on the aim of the analysis, the critical
pairs can be examined in detail by changing the
level of the R, values. The separation quality of
the eluent can then be easily defined with this
method without difficult and time-consuming cal-
culations.

5. Conclusions

High dependences were found between the dif-
ferent gradient times and retention data of 17
dansyl derivatized biogenic amines expressed as
the quadratic regression functions. These func-
tions can be used to estimate the resolution and,
furthermore, to predict the resolution in other
gradient elutions. An easy method to describe the
influence of solvent strength and eluent mixtures
on resolution by R, values was developed and
this can be constructed by the three-dimensional
resolution maps. The study showed that the best

eluents retained their separation power regardless
of the gradient steepness. However, the gradient
steepness expressed by the rate of change of sol-
vent strength influenced significantly on resolu-
tion.
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