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ABSTRACT

In this study, the separation of twelve nucleobases and nucleosides was optimized via chromatogram
simulation (i.e., prediction of individual retention times and estimation of the peak widths) with the use
of an empirical (reversed-phase) non-linear model proposed by Neue and Kuss. Retention time predic-
tion errors of less than 2% were observed for all compounds on different stationary phases. As a single
HILIC column could not resolve all peaks, the modeling was extended to coupled-column systems (with
different stationary phase chemistries) to increase the separation efficiency and selectivity. The analyti-
cal expressions for the gradient retention factor on a coupled column system were derived and accurate
retention time predictions were obtained (<2% prediction errors in general). The optimized gradient
(predicted by the optimization software) included coupling of an amide and an pentahydroxy function-
alized silica stationary phases with a gradient profile from 95 to 85%ACN in 6 min and resulted in almost
baseline separation of the twelve nucleobases and nucleosides in less than 7 min. The final separation
was obtained in less than 4 h of instrument time (including equilibration times) and was fully obtained
via computer-based optimization. As such, this study provides an example of a case where individual
retention modeling can be used as a way to optimize the gradient conditions in the HILIC mode using a
non-linear model such as the Neue and Kuss model.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

To speed up the method development (MD) process in chro-
matography, fully or semi-automated MD software programs have
been developed for reversed phase liquid chromatography (RPLC)
[1-6]. These automated MD strategies for RPLC described in lit-
erature are either search-based (e.g. using the Simplex method)
[7], model-based (e.g. Drylab [8], Chromsword) [9] or based on a
combination of both (design of experiments (DoE), multiple linear
regression (MLR) [10], predictive elution window stretching and
shifting method (PEWS?2) [11]). Recently, the PEWS? method was
successfully applied for the gradient optimization in hydrophilic
interaction chromatography (HILIC) [12].

HILICis becoming more and more popular, for the determination
of hydrophilic compounds, poorly retained in RPLC conditions, and
for the analysis of ionizable compounds [ 13]. HILIC retention can be
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considered as a mixed-mode mechanism, combining hydrophilic
partitioning of the analytes between the organic-rich mobile phase
and the water enriched layer partially immobilized on the station-
ary phase, compounds adsorption through hydrogen bonds, and
electrostatic and ionic interactions [14]. Although both the linear
reversed phase (semi-log) (Eq. (1)) and the normal phase (log-log)
retention relationships have been used in literature to model HILIC
retention [15], the dependency of In(k) on both ¢ and log(¢) in the
HILIC separation mode does not follow a strict linear relationship
[15,16]. Based on these observations, Jin et al. proposed a mixed
model combining partitioning and adsorption terms (Eq. (2)) to
describe the retention behavior in HILIC [15]. Jandera and Hajek
[17] introduced an extended model including one extra parameter
to better describe the retention at low percentages of water. Other
(reversed-phase) non-linear models such as the quadratic model
and the empirical model from Neue and Kuss (Eq. (3)) have also
been proposed in literature to describe the retention relationship
in the HILIC separation mode [12].

In(k) = In(ky) — Sg (1)
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In(k) = In(kw) + S19 + S In(e) (2)

519 (3)

In(k) = T+ S50

In(kw) + 21In(1 + Sa¢) —

where ¢ is the fraction of water, ky, is the extrapolated values of k for
¢=0(i.e, pure ACN) and S is the solvent strength parameter which
is a constant for a given compound and organic solvent [18,19], S;
the slope for the non-linear models, S, the curvature coefficient
[21].

Greco et al. reported determination coefficients RZ above 0.99
for 14 benzoic acids using Eq. (2) [14]. In a recent study, including
several analytes possessing diverse physico-chemical properties,
we reported Rgdjusted and Q2-values for the empirical Neue and Kuss
(Eq. (3)) model, close to those of the mixed model (Eq. (2)) [12].
However, the gradient retention predictions were much less accu-
rate in HILIC than RPLC, restricting the use of commercial software
packages requiring the simulation of the retention of every peak in
the chromatogram [12].

The expression for the gradient retention factor can be found by
solving the fundamental gradient equation:

tr—to

dts

C )
0

(4)

where tg and ty are the total retention time and the column dead
time, respectively [20] and t; is the time in the stationary phase.
Whereas the mixed model (Eq. (2)) no longer has an analytical solu-
tion to the fundamental gradient equation, it is one of the virtues
of the Neue and Kuss-model (Eq. (3)) that it is easily amenable to
an analytical solution, leading to the following expression for the
effective retention factor ko= (tg — to)/to [21]:

95%ACN for eight nucleosides on six different columns, using Eq.
(2). However, no gradient predictions were ever made using this
mixed model. Pappa-Louisi and coworkers reported on the gradient
retention time predictions of amino acids in HILIC using the LSS-
model (Eq. (1)) for linear, multi-linear and curved elution profiles
with the same starting concentration.

2. Experimental

Water was obtained from a Milli-Q water purification system
from Millipore (Bedford, MA, USA). Acetonitrile (ACN), methanol
(MeOH) and formic acid were of ULC-MS grade and purchased from
Biosolve (Valkenswaald, Netherlands). Ammonium acetate (>98%,
Sigma-Aldrich, Belgium) buffer 10 mM was prepared by weigh-
ing adequate mass of ammonium acetate. The pH was adjusted
to 3.0 or 6.0 with formic acid (FA). All compounds (thymine,
uridine, inosine, adenine, uracil, hypoxanthine, cytidine, thymi-
dine, adenosine, cytosine, guanine and guanosine) were purchased
from Sigma-Aldrich. Stock solutions of 1000 ppm were prepared
in MeOH except for guanosine and guanine (0.1%FA and KOH
solutions, respectively). The samples were diluted in ACN+0.1%
FA and injected at 100 ppm. The injection volume was 1 pL. All
experiments were performed on an Agilent Infinity 1290 system
with a dwell volume of 112 pL. The columns were Supelco HILIC
and Supelco OH5, i.e., bare silica and pentahydroxy functional-
ized silica respectively (100 mm x 2.1 mm, 2.7 pm), and Waters
Acquity Amide, i.e., amide functionalized silica (100 mm x 2.1 mm,
1.7 wm). The dead times were measured at 70%ACN: 0.419, 0.381
and 0.422 min on the bare silica, the pentahydroxy and the amide
stationary phase, respectively. The flow rate was 0.5mL/min.

tp
key = — + B
where tp is the dwell time, 8 is the gradient slope, defined as
(@e — @o)/tc and kg is the isocratic retention factor at the start of
the gradient, i.e. for ¢ = ¢g.

In a previous study, involving samples with pteridines, sugars
and a drug mixture of venlafaxine, tramadol and their metabolites
in HILIC we observed strongly non-linear retention relationships,
that were so complex that they could not be modeled using any
of the existing non-linear retention models. As a consequence, the
traditional retention modeling approach [22] that is so successful
and widespread used in RPLC, could not be applied and we had
to switch to a model-guided search approach (so-called PEWS2-
technique [11,12]). For a sample containing compounds behaving
more “nicely”, individual retention modeling using a non-linear 3-
parameter model (mixed model and the empirical model from Neue
and Kuss) could be used to optimize the gradient conditions.

In the present contribution, we report on the optimization of a
HILIC separation of twelve nucleobases and nucleosides using this
individual retention modeling and the coupling of columns (with
different stationary phases). In the adopted MD work flow, three
different column chemistries and two mobile phase pH were tested.

The separation of nucleic acids and analogs are of great inter-
est in pharmaceutical sciences, genomics, genetics and others [23].
Massolini and coworkers used narrow bore columns with gradi-
ent elution (ZIC-HILIC, 150 mm x 2.1 mm, 5 wm) to separate the
12 nucleobases and nucleosides included in this study in 55 min.
Nikitas et al. used reversed-phase liquid chromatography (with-
out ion paring reagent) to separate 16 nucleobases and nucleosides
using two-segment gradient profiles [24]. The linear log-log reten-
tion relationship showed better prediction accuracy compared to
the semi-log retention relationship (Eq. (1)), both for simple linear
and multi-linear gradient profiles. Jin et al. [15] reported R2-values
around 0.999 and isocratic prediction errors smaller than 5% at

[P0 + (1 + S2¢0)/51 In(1 + Bk;,S1(to — tp/ko) exp(=S1¢0/1 + S2¢00))]/[1 = (S2(1 + S2h0))/S1 In(1 + Bk;,S1(to — tp/ko) exp(=S1¢o/1 + S2¢00))] — Po (5)

Temperature was set 25°C. UV-detection was set at 254nm. The
isocratic scouting runs were performed using different subgroups
(seedifferent colorsinFig. 3), to avoid overlapping peaks and ensure
accurate retention time determination.

2.1. Data analysis

Matlab software (2009) was used for the estimation of the model
parameters and the calculation of the optimal gradient conditions
via an in-house written Matlab code. The retention factors of the
isocratic scouting runs were used to obtain the model parameters
(Egs. (2) and (3)) via least squares fitting using the Matlab® rou-
tine Isqcurvefit. Gradient retention times were either predicted by
implementing the analytical expression (Eq. (5), for the Neue-Kuss
model) in Matlab-software or, for the other non-linear model (Eq.
(2)), via numerical integration of the fundamental gradient equa-
tion via an in-house written Matlab routine based on the trapezoid

rule.
Pelution
d(p tp
ko "B / ©'B ( <o>

"=t gy
to:/
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Pelution
d
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The percentage of ACN at elution @0, is Obtained by minimiz-
ing I — B*(to — tp/ko). From @eyyrion, the effective retention factor ke
can be calculated via:

tR=to _ tp | Petution — Po
=2y
to to Bto

keﬁ = (7)
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Table 1
Rgdjusted and Q? values and the retention parameters ky, S; and S, for the 12 nucleobases and nucleosides on the pentahydroxy stationary phase column pH=6.
Eq.(3) Eq.(2)
R? Q? In(kw) S S» R? Q? In(kw) S S»
Thymine 1.0000 0.9998 1.96 21.2 24 0.9988 0.9911 -0.45 -33 -0.6
Uracil 0.9998 0.9996 3.12 39.3 4.2 0.9989 0.9922 -1.54 -1.0 -1.2
Thymidine 0.9991 0.9935 2.88 31.7 33 0.9993 0.9985 -0.95 -2.7 -1.0
Uridine 1.0000 1.0000 3.09 424 4.7 0.9989 0.9918 -1.84 -0.3 -1.2
Inosine 0.9999 0.9991 3.66 36.7 35 0.9994 0.9960 -0.85 -29 -1.2
Adenosine 1.0000 0.9999 3.93 50.0 5.0 0.9990 0.9925 -1.93 -03 -15
Hypoxanthine 0.9999 0.9997 4.30 44.0 4.0 0.9992 0.9938 -1.14 -24 -14
Cytosine 0.9994 0.9968 1.96 21.2 24 0.9998 0.9991 -0.45 -33 -0.6
Adenine 1.0000 0.9999 0.93 185 2.7 0.9990 0.9929 -1.11 -15 -05
Cytidine 0.9999 0.9992 1.36 21.7 2.7 0.9994 0.9958 -1.12 -24 -0.6
Guanine 0.9994 0.9984 5.08 72.0 6.4 0.9993 0.9987 -2.27 -0.6 -1.7
Guanosine 0.9994 0.9986 5.23 62.9 53 0.9989 0.9979 -1.43 -29 -1.6

The prediction errors were calculated as (tgexperiment —
tR predicted )/ ER experiment With tg =to*(1 + k).

The gradient optimization strategy consists of a grid search, scan-
ning through all combinations of ¢ and 8 (100 x 100 conditions
with In(8) equally spaced between 0.001 and 0.5 and ¢y between
0.05 and 0.35). For all compounds, the retention time tg is predicted
and the resolution R; (Eq. (8)) estimated under all the combinations
of pg and B.

vN Ak

Re=1 - ——"
: 4 1+ kelution

(8)
where keji0n, 1S the average retention factor of the two compounds
when eluting from the column, i.e. for ¢ = @etion. The best gradient
conditions correspond to baseline separation (Rs e =1.6) within
the shortest possible analysis time (tg anatysis = tR last compound)- When
multiple good solutions are found, these solutions are ranked,
according to their respective analysis times.

For the coupled columns with different stationary phases, the
same approach can be followed, using the analytical expressions
for a coupled column system (Eqgs. (9)-(12)). In Eq. (8) the iso-
cratic plate number N is the sum of the individual plate numbers
(Neotumn1 * Neotumn2) and keprion 1S the retention factor at elution
from the second column.

k

25+ Supelco OH5
201
15¢
100 .

mixed model Eq. (2)

Neue and Kuss model Eq. (3)

5

25

Note that other quality criterions, such as the S criterion [25],
could be used in the optimization.

3. Results and discussion
3.1. Retention modeling

In a first step, the isocratic retention relationships for the twelve
nucleobases and nucleosides in HILIC mode were established by
performing 10 isocratic measurements (95, 94, 93, 92, 91, 90, 88,
85,80 and 70%ACN), on three different stationary phase chemistries
at two different pH-values. Subsequently, we performed a least
squares fitting of the obtained isocratic retention factors, using
Egs. (2) and (3), to estimate the retention parameters. The high
number of isocratic runs was based on our previous experience
with pteridines, sugars and the drug mixture of venlafaxine, tra-
madol and their metabolites, showing that very strong complex
non-linearities can occur in HILIC.

In Fig. 1, the established models for all compounds on two sta-
tionary phase chemistries are given (pH = 6). The bare silica showed
less retention for all compounds compared to the pentahydroxy
column. Both retention models (Egs. (2) and (3), resp. red and blue
curves in Fig. 1) were able to describe the isocratic retention data

Supelco HILIC

15+

07 075 08 0.85 0.9
% ACN

075 038 0.85 0.9
% ACN

Fig. 1. Isocratic measurements and established retention models (k vs. fraction of ACN ¢) for all twelve nucleobases and nucleosides on the pentahydroxy and the bare silica
stationary phases. (For interpretation of the references to color in text, the reader is referred to the web version of the article.)
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Table 2
Average gradient prediction errors for 12 nucleobases and nucleosides and four
gradient runs (95-85%ACN in 2 and 6 min, 92-85%ACN in 2 and 6 min).

Table 3
Retention time predictions (min) on the pentahydroxy stationary phase at pH=6.
Gradient conditions: 94-90.6%ACN in 3.36 min.

Eq.(2) Eq. (3)
Pentahydroxy pH3 2.8% 3.0%
pH 6 3.0% 3.5%
Bare silica pH3 3.6% 3.2%
pH 6 2.1% 1.8%
Amide pH6 3.5% 3.6%

very accurately and the difference between both retention models
was very small (Fig. 1). In Table 1, the Ridjusted and Q? values and
the obtained retention parameters are provided for all compounds
on the pentahydroxy column.

Since using all ten isocratic runs to establish the retention mod-
els for gradient optimization purposes would be too much work
in a practical application, we investigated whether the retention
models could also be established using a smaller number of scout-
ing runs. For this purpose, four scouting isocratic runs (95, 90, 85
and 80%ACN) were used to investigate the possibilities of gradi-
ent retention time modeling. Subsequently, the retention model
parameters obtained from these isocratic runs were used to predict
the retention under four different gradients with various gradient
times t¢c and different starting compositions ¢g (95-85%ACN in 2
and 6 min, 92-85%ACN in 2 and 6 min). The experimental gradient
retention factors were compared with the predicted ones and the
percentage errors were calculated.

All absolute gradient predictions errors were smaller than 5%
with an average of around 3% for all pHs and columns (see Table 2).
No significant difference in prediction errors was observed between
the different gradient runs and between the mixed model and the
empirical model from Neue and Kuss. Fig. 2 shows the correlation
plot for Kpregicted VS- Kexperimen: Using these four isocratic scouting
runs.

3.2. Separation optimization
3.2.1. Individual columns
AsshowninSection 3.1 both the empirical Neue and Kuss-model

and the mixed model gave similar gradient prediction errors. How-
ever, since the calculation time using the analytical expression (Eq.

307 kpredicted
25+
201

15 §
10 @

mixed model Eq. (2)
Neue and Kuss model Eq. (3)

0 10 20 30
kexperiment

Fig. 2. Correlation plot for Kyregicted VS. Kexperimen: fOr 12 nucleobases and nucleosides
including four different gradients (95-85%ACN in 2 and 6 min, 92-85%ACN in 2
and 6 min) on the pentahydroxy stationary phase at pH=6. Retention parameters
obtained using four isocratic scouting runs (95, 90, 85 and 80%ACN).

tR.predicred tR,experimenr Jerror Jerror

(min) (min) (Eq.(3)) (Eq. (1))
Thymine 0.819 0.819 —0.02% —3.80%
Uracil 0.881 0.874 0.79% —2.70%
Thymidine 1.024 1.024 0.03% —4.40%
Uridine 1.497 1.480 1.17% —3.30%
Inosine 2.067 2.069 -0.11% —7.30%
Adenosine 2.147 2.130 0.79% —5.00%
Hypoxanthine 2212 2.200 0.54% —6.10%
Cytosine 2.962 2.987 —0.02% —3.80%
Adenine 3.151 3.119 0.79% —2.70%
Cytidine 3.967 3.931 0.03% —4.40%
Guanine 3.828 3.891 -1.62% —3.56%
Guanosine 4.627 4.655 —0.60% 0.60%

(8)) via the Neue and Kuss isocratic retention relationship is sig-
nificantly reduced compared to the numerical integration via the
mixed model, gradient optimization was performed with the Neue
and Kuss retention parameters. Because the modeling showed to
be reasonably accurate (consistently <5%), all peaks were individ-
ually modeled in the MD strategy. This is an alternative gradient
optimization approach compared to the PEWS? strategy which has
already been successfully applied for the gradient optimization in
the HILIC mode [12], when the retention mechanism of the com-
pounds is too complex to be accurately described by the simple
model from Neue and Kuss. First the retention time and peak width
of every peak in the mixture is simulated under various gradient
conditions. Then, the corresponding resolution map Rs (Eq. (8)) is
constructed from which the optimal gradient conditions can be
obtained. The optimal condition corresponds to the case where the
critical resolution R; ¢t was maximal, similar to the resolution maps
constructed in commercial RPLC modeling software based on the
linear solvent strength (LSS) model (Eq. (1)). As an example, the
best possible separation on the pentahydroxy stationary phase is
provided in Fig. 3. The relatively high concentrations (100 ppm),
common for UV-detection, and an injected volume of 1 pL resulted
in good chromatograms with a high signal-to-noise ratio. As the
injected mass (100 ng) was quite low, no problems of overload-
ing occurred. Moreover, since there is no irreversible adsorption of
the compounds at the surface of the stationary phase, the retention
times were reliable and identical for both the individual compounds
and the mixture compounds. Note that these concentrations are
not critical for the estimation of the retention model parameters.
In case more expensive or scarce compounds would be used, lower
concentrations could be obviously considered during the scouting
runs. Accurate retention time predictions (maximal error of 1.6%)
were found for all compounds (Table 2). Comparing the prediction
errors using the non-linear model and the LSS-model, it is clear
that the prediction accuracy can be significantly improved. More-
over, the prediction errors using the non-linear model in Table 3
were much better compared to the average prediction errors in
Table 2. The latter could be explained by the difference in gradient
range between the best possible solution (94-90.6%ACN) and the
gradient test runs (95-85 and 92-85%ACN).

We also compared the calculated (experimental)
Rs=(tg2 — tr1)/(w1 +w3) and the predicted Rs using Eq. (8) (Fig. 4).
A similar trend in experimental and predicted Ry was found,
immediately indicating the critical pairs, although the absolute
values differed significantly for the later eluting compounds.

3.2.2. Coupled columns
Since none of the considered columns could provide sufficient
separation of all compounds, we investigated the possibilities to
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Fig. 3. Overlay chromatogram of 12 nucleobases and nucleosides on the pentahydroxy stationary phase at pH = 6. Gradient conditions: 94-90.6%ACN in 3.36 min.
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Fig. 4. Experimental and predicted R, using Eq. (8) for chromatogram in Fig. 3.

perform gradient prediction using coupled columns with different
stationary phase chemistries to optimize the separation.

Using a coupled-column system, gradient elution retention time
predictions can still be done using analytical expressions. The fun-
damental gradient equation is now a sum of two integrals, using
both retention models:

tr—to dtg Pelution,column1 d(/)
to = — = . S
/0 k((p) /tp kcolumm((p)

0,column1

Pelution, column2
’ d
+ / kcolum(f;( ) (9)
0 ¢

0,column2=%elution,column1

where the first and the second integrals describe the part of the
gradient felt by the compound in the first and the second column,
respectively. The first integral includes the dwell time of the sys-
tem tp, the column dead time t( and the retention parameters k;,,, S1
and S, from the first column to calculate the fraction of ACN at elu-
tion from the first column @epyion corumn1- The second integral uses
@elution,column1 a$ the start of the gradient (@o column2 = Petution,column1)
and includes a zero dwell time, the column dead time ty and the
retention parameters k;,, S; and S, from the second column. The
expression for @eption 1:

¢o + [1+S2600]/51 In(1 + Bk;,S1(to — tn/ko) exp(—=S1¢po /(1 + S2¢b0)))
1 —[S2(1 + S2600)1/51 In(1 + Bk;,S1(to — to/ko) exp(—=S1¢po/1 + S2¢b0))
(10)

¢elution =

where @ is respectively g comn1 and Qo column2- FIOM @ejyrion the
retention time t in both columns can be calculated:

¢elution:¢0+ﬂ(t5*tD):¢0+ﬂ(tR*tO*tD)@’tR:tD+t0+w (11)

Then, the total retention time is the sum of both individual
retention times. The resulting analytical expression for the gradient
retention factor is:

P (tR,columnl + tR,column] ) - (tO,columnl + tO,columnz) 2
Keff = (1 )
(tO,columnl + tO,column2)

The computer grid search was extended to the coupled col-
umn systems and a combination of the amide and the bare silica
stationary phases was proposed by the algorithm, as the elution
order was similar on both columns (elution order of adenosine
and hypoxanthine was reversed compared to the pentahydroxy
column, see Fig. 1) directing toward better separation when cou-
pling both columns in series compared to the single column system.
Almost baseline separation was obtained for the twelve nucle-
obases and nucleosides in less than 7 min (compared to 55 min from
Massolini and coworkers [22]). It must be noted that full baseline
separation could possibly be obtained by increasing the column
length (and the corresponding analysis time).

The prediction errors using the coupled columns were some-
what worse than for the single-column system (Table 4), which
may be due to the tubing that was used to couple the columns,
but (almost) baseline separation was obtained for all twelve com-
pounds (Fig. 5). The worst predicted compounds for the optimized
gradient on the coupled column system were hypoxanthine and
adenosine. However, no good reason was found for this behavior as
none of these two compounds is the most ionized and the number
of H-bond donor or acceptor groups is not larger than for the other
test molecules. Therefore, no stronger interactions exist between
these two compounds and the stationary phase than for the other
compounds.

Also for the coupled columns, we compared the experimental
and the predicted Rs (Eq. (8)). As for the single column system, a

Table 4
Retention time predictions (min) using two coupled columns (amide and bare silica
stationary phase). Gradient conditions: 95-85%ACN in 6 min.

tR,predicred (mln) tR,experiment (mln) Jerror

Thymine 1.773 1.804 -1.7%
Uracil 1.944 1.971 —1.4%
Thymidine 2177 2.212 —1.6%
Uridine 3.185 3.205 -0.6%
Inosine 3.693 3.774 -2.2%
Hypoxanthine 3.761 3.918 —4.0%
Adenosine 3.854 4.071 —5.3%
Cytosine 4.764 4,731 0.7%
Adenine 4.944 4.921 0.5%
Guanine 5.284 5.354 -1.3%
Cytidine 5.628 5.673 -0.8%
Guanosine 6.177 6.271 -1.5%
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Fig. 5. Separation of twelve nucleobases and nucleosides using two coupled
columns (amide and bare silica stationary phase). Gradient conditions: 95-85%ACN
in 6 min.
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Fig. 6. Experimental and predicted R; using Eq. (8) for chromatogram in Fig. 5.

similar trend in Rs was found for all peaks, indicating the critical
pairs (Fig. 6). This again verifies the use of individual peak model-
ing, including retention time and resolution, using coupled column
systems to optimize the gradient conditions for HILIC separa-
tions. However, the absolute prediction errors were still significant.
Therefore, attempts to include these Rs predictions will be included
in future research.

The influence of the columns order was also investigated and no
significant difference in selectivity and R was observed in this
case.

4. Conclusions

In this study, the separation of twelve nucleobases and nucleo-
sides was optimized via chromatogram simulation, i.e., prediction
of individual retention times and estimation of the peak widths,
with the use of the empirical (reversed-phase) non-linear model
proposed by Neue and Kuss [21]. As none of the tested sin-
gle columns could resolve all peaks, the modeling was extended
to coupled-column systems (with different stationary phase
chemistries) and analytical expressions were derived. The opti-
mized gradient using a combination of an amide and a bare silica
stationary phase and obtained via the adopted modeling and
computer-optimization approach resulted in almost baseline sep-
aration of the twelve nucleobases and nucleosides with an analysis
time of less than 7 min. The optimized separation conditions were
obtained in less than 4 h of instrument time (including equilibra-
tion times of 4 min corresponding to roughly 20 column volumes).
As such, this study provides an example of a case where individ-
ual retention modeling and computer-optimization can be used as
a way to optimize the gradient conditions in the HILIC mode pro-
vided a non-linear model such as the Neue and Kuss model can be

used. For compounds whose retention mechanism is more complex
than that of the presently studied set, search approaches depending
less strongly on an accurate retention modeling, such as the pre-
dictive elution window shifting and stretching (PEWS2) method,
should be preferred to optimize the gradient conditions in the HILIC
separation mode [11,12].

Limitations of the individual peak modeling approach include
the retention time robustness due to phase aging, inter-/intra-day
method reproducibility and sample matrix effects. In worst case,
this may require the prediction to be redone in some cases (e.g.
batch-batch reproducibility of columns will need consideration).
On the other hand, the proposed optimization algorithm for HILIC
separations can easily be integrated in commercial reversed-phase
software such as Drylab [26], including a robustness module, to
determine by which factors the critical resolution Ry is influ-
enced mostly.
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