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An algorithm capable of predicting and optimizing the gradient separation of LC x LC system was de-
veloped in this paper. Two groups of structural analogues, five ginsenosides as well as eight bisphenols,
which were difficult to discriminate in routine analysis, were used to verify the effectiveness of the pro-
posed algorithm in fast separation optimization. Average errors of retention times below 1% were found
in the retention prediction for all types of gradient programs, implying that the theory could lead to high
quality in prediction of the retention times under gradients elution. Meanwhile, 84% of relative average
deviations (RADs) between the predicted peak width and the measured ones were less than 20%. The
larger deviation occurred at the time when the peak appeared while the gradient of the mobile phase
changed, which led the deviations increased to 20%-42%. In all, method development and optimization
for LC x LC tandem system was realized by the homemade user-friendly software. The present protocol
may turn on great opportunities for the convenient method development in analysis of trace structural
analogues in environmental, food and biological samples.
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Gradient elution in high performance liquid chromatography
(HPLC) is a commonly used technique based on programmed sep-
aration modes, with which the separation and peak detection ca-
pabilities can be considerably enhanced. Among these modes the
most powerful is solvent gradient elution, where the composition
of the mobile phase programmed changes during the run by mix-
ing two or more components. In general, the solvent gradient elu-
tion exploits completely its potentialities only if we can make pre-
diction of the retention time (tg) on the basis of the properties of
the solute and the gradient profile. The fundamental equation for
tg prediction under the solvent gradient elution is (Eq. 1):
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where k, is the retention factor of a solute with organic mod-
ifier composition in mobile phase at ¢, and ty is the column
holdup time. This equation was first proposed by Snyder et al. [1],
and subsequently amended to its strict derivations by Levie [2,3].
Later, Nikitas and co-workers developed theory of the multimode
gradient elution in LC [4-7]. In multimode gradient elution, two
or more separation variables involving mobile-phase composition,
flow rate and/or temperature were used for predicting tg [8].
However, accurate prediction of tg does not mean that the pre-
diction for separation of analytes has been successfully realized
on LC, because the resolution of the pairs is not only related to
the difference in tg, but also to the peak shape, e.g., peak widths
[9]. Several models have been developed for predicting peak shape
for LC [10-15]. A recursion method for the prediction of band-
width in a gradient elution was reported by Liang and Liu [10]. Jin
et al. developed a method for predicting the elution bandwidths
of four purine compounds based on linear solvent strength (LSS)
model [11]. Pai proposed a parcel matrix model [12], which im-
proved Glueckauf's dynamic mode [13], Fritz and Scott’s statistic
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model [14] and de Levie’s linear worksheet models [2,3], leading
to a more realistic simulation to the peak shape.

Above-mentioned theories and models have been widely ap-
plied to reduce the number of experiments needed to optimiza-
tion process, and several commercial software packages have been
available for predicting separation, among which DryLab [15],
PREOPT-W [16], OSIRIS [17], MICHROM [18] and ChromSword
[19] were most commonly used. However, the majority of them
were carried out only for one-dimensional LC. There were only a
few reports concerning the multi-dimensional LC (multi-D LC) sys-
tem [20-22], and these retention models involving gradient elu-
tion usually resulted in an equation difficult to integrate due to
the higher number of experimental variables that should be taken
into account. Moreover, the models would be much more com-
plicated provided that both gradient elution and peak shape are
considered simultaneously. Up to now, the universal way to seek a
good compromise between sufficient separation and lowest possi-
ble expense is experimental (“trial-and-error”) optimization where
the analyst manually varies method parameters until the resulting
separation is acceptable. Therefore, one of the factors which may
contribute to the further growth of the tandem LC system, espe-
cially the online-enrichment LC system for analyzing trace struc-
tural analogues in environmental, food and biological samples is
the possibility of finding the operating conditions for an optimal
separation in easy and reliable ways.

Here, we presented a new approach incorporating the predic-
tion of retention time and peak shape that allows for optimiz-
ing separation of structural analogues in tandem LC system. The
proposed strategy was supported by different models and algo-
rithms capable of describing the chromatographic behavior of so-
lutes upon various changes in the separation factors such as the
mobile phase contents and flow rates, and validated by optimizing
the separation of bisphenols (BPs) and ginsenosides, which were
difficult to separate in environmental and food analysis as well
[23,24]. An optimization software package has also been developed
for simplifying the use of this strategy.

In the theoretical derivation, we first divided the separation
prediction in single LC system into the following steps: for pre-
diction of tz and for prediction of half-peak width (W ;). On this
basis, we further deduced the separation prediction for tandem LC
system and obtained the prediction formulas of tgz (Eq. S31 in Sup-
porting information) and W;, (Eq. S32 in Supporting information)
of substances in tandem LC system.

The flowchart shown in Fig. 1 and the annotation of algorithm
listed in Table S1 (Supporting information) indicated the algorith-
mic procedure for the proposed prediction strategy. The predicted
tg and Wy, were introduced for fast confirmation of the appropri-
ate gradient elution program, with which the desirable separation
for all the analytes according to user-defined minimum resolution
(Ryp_min) and maximum resolution (Ryp_max) could be achieved in
the shortest run time. Overall, the optimal time schedule and rel-
evant chromatogram would be displayed by imputing the experi-
mental retention time tg exp, the half-peak width Wy, ¢, and the
peak area Aexp of each analyte at 3~5 different isocratic ¢, as well
as Ryp_min» Rup_max. holdup time (tp) and dwell time (t4) of HPLC
system.

The theoretical derivation and experiments in this paper are de-
tailed in the Theoretical Section and the Experimental Section of
Supporting information, respectively. The fitting parameters in Eqgs.
S4 and S11 (Supporting information) for eight BPs and five gin-
senosides were shown in Table S2 (Supporting information) when
tqy was 1.1 min, as well as tp was 2.7 min for 250 mm column and
1.4min for 150 mm column at a constant flow rate of 0.9 mL/min
with MeOH-H,0 as the mobile phase. If ACN-H,0 was used as
mobile phase, ty was 1.1 min in 150 mm column at a constant flow
rate of 1.5 mL/min.
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As shown in Table S2, the a”, b, ¢’ in Eq. S4 and A, B in Eq.
S11 for BPs was acquired under 0.90, 0.80, 0.70 and 0.65 fractions
of MeOH in 250 mm column, as well as 0.55, 0.60, 0.65 and 0.70
fractions of MeOH in 150 mm column with R? > 0.908 and F >
30.52 (P < 0.05), showing the satisfactory fitting results. Mean-
while, the retention descriptors of ginsenosides were acquired un-
der 0.17, 0.20, 0.23, 0.27 and 0.3 fractions of ACN for R1, Rgl
and Re, as well as 0.3, 0.33, 0.36 and 0.4 fractions of ACN for
Rb1 and Rd with R? ranged from 0.996 to 1.000 with P < 0.05,
which also indicated the good linearity and significant statistics in
the fitting process. Note that if organic modifier ratio went out
of the @-gradients range listed in Table S2, the RTs of ginseno-
sides would be either too long or too short, implying that the
retention behaviors of ginsenosides are sensitive to the ratio of
ACN and ginsenosides are difficult to be separated only relying on
experience.

The accuracy of the proposed strategy was based on both
the reliability of separating prediction for one-dimensional chro-
matographic system and the reasonability of connecting two one-
dimensional systems, which were investigated in two steps as fol-
lows.

Firstly, five one-dimensional chromatographic conditions listed
in Table S3 (Supporting information) were tested to verify the re-
liability of proposed strategy with two kinds of analogues, BPs
and ginsenosides, and chromatograms of the predicted and exper-
imental results are shown in Fig. 2. Fig. 2a included three experi-
ments where @yeon for BPA, BPC, BPZ, BPP and TMBPA in 150 mm
column changed from 0.60 to 0.75 with different interval time
at constant flow rate of 0.9 mL/min: BS-Lab1 cost 300 s, BS-Lab2
took 12 s and BS-Lab3 jumped rapidly in 0.06 s. The high con-
sistency between the predicted and experimental chromatograms
under all the three gradient programs indicated that the algo-
rithm was robust under different gradient slopes of MeOH. Inter-
estingly, the chromatograms of BS-Lab2 and BS-Lab3 were similar,
which was the indirect proof of a relatively fixed gradient delay
in gradient elution caused by t4 as stated by Nikitas [25]. It in-
spired us that when it comes to the BS-Lab 4, where the @acy
for BPA, BPB, BPAF, BPAP, BPC, BPZ, BPPM, TMBPA in 250 mm col-
umn continuously varied within t4, the set mobile phase gradient
should be corrected by adding t; with t; to compensate the in-
fluence of the delay on actual ¢-gradient change. Actually, after
correcting ¢-gradient, the maximum RADs of predicted and ex-
perimental retention times reduced from 4.5% (Fig. 2b) to 0.55%
(Fig. 2c) by delaying the changing time of mobile phase. Another
type of compounds were gradient-sensitive ginsenosides. Accord-
ing to Pharmacopoeia of the People’s Republic of China (2015 edi-
tion) [26], HPLC method (GS-Lab) where ¢yeony pumped at the rate
of 1.5mL/min for R1, Rg1, Re, Rb1 and Rd in 150 mm column was
applied to further confirm the reliability of the proposed strategy.
As shown in Fig. 2d, the RADs between experimental and predic-
tive values ranged from 0.2% to 1%. Herein, the proposed strat-
egy can accurately predict the retention times and peak shapes for
various compounds under different mobile phases and flow rates
in one-dimensional chromatographic system with the RAD within
1%.

To evaluate the effect of the strategy on the online enrichment
coupled with HPLC separation system, as well as to test the in-
fluence of three processes of this system (enrichment, backwash
and separation processes) on prediction accuracy, three experiment
programs according to the method reported in our previous work
[27] (BD-LabO in Table S3) with some modifications were applied
by employing BPs as the modeling compounds:

(1) The enrichment mobile phase ratio changed from 5% to 25%
with fixed separation and backwash process (BD-Lab2 in Ta-
ble S3).
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Fig. 1. The algorithmic architecture for optimizing the chromatographic separation in the online enrichment-LC tandem system.
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Fig. 2. Comparison of the predicted and experimental chromatograms of one-dimensional chromatographic system. (a) Gradient programs of BS-Lab1, BS-Lab1 and BS-Lab3;
(b, c) Gradient program of BS-Lab4; (d) Gradient program of GS-Lab. Peak identification: al and 1. BPA; 2. BPB; 3. BPAF; 4. BPAP; a2 and 5. BPC; a3 and 6.BPZ; a4 and 7.

BPP; a5 and 8. TMBPA; d1. R1; d2. Rgl; d3. Re; d4. Rb1; d5. Rd.

(2) The backwash time was extended to 4 min while the enrich-
ment and analysis processes remained unchanged (BD-Lab3
in Table S3).

(3) The mobile phase of separation changed while keeping the
enrichment and backwash progress unchanged (BD-Lab4 in
Table S3).

By comparing the experimental and predicted data collected
from these three programs in Table S4 (Supporting information), it
was observed that the RADs between experimental and predicted
retention times were 0.01%-1.06%, indicating the accuracy of the
online enrichment prediction model for retention time under dif-
ferent enrichment program. However, when it comes to the accu-
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racy of half-peak widths, 84% RADs between the predicted half-
peak widths and the measured values were less than 20%, while
the rest were between 20% and 42%, which caused the RAD of
resolution varied from 1.44% to 42.95%. The larger deviation oc-
curred at the time when the peak appeared meanwhile the gra-
dient of the mobile phase changed. The prediction of chromato-
graphic peak width in two-dimensional LC was not as accurate
as in one-dimensional LC system, which may be due to the more
complex factors related to two-dimensional liquid hydrodynamics,
which reminded us that the principle of peak width is much more
complicated and is worth exploring further.

After verifying the feasibility of the prediction strategy, a soft-
ware package for separation optimization was developed in our lab
to output hypothetical optimal conditions and corresponding chro-
matograms to give highest resolution in shortest run time, which
was then confirmed by practical experiments.

The hypothetical optimal separation conditions for BPs using
MeOH as the mobile phase in tandem system was recorded as BD-
Pre listed in Table S3. The experimental and predicted retention
times as well as half-peak widths on the basis of the hypothetical
optimal gradient elution program are listed in Table S5 (Supporting
information). The results in Table S5 indicated that the satisfactory
separation of BPs mixtures could be obtained in a minimum run
time, ~17.29 min, which was shorter than the method of BD-Lab1
developed in our previous work [27] (the analysis time of which
was 20.36 min). In other words, the optimization software package
provided a protocol that all substances can be effectively separated
(all resolutions > 1.2) in 15 s with comparable results to experi-
mental ones.

In addition, the software package was employed to predict the
separation conditions of gradient-sensitive ginsenosides in single
column HPLC system (GS-Pre) and in two-dimensional HPLC sys-
tem (GD-Pre), respectively. As shown in Tables S3 and S5, both of
the predicted programs allowed baseline separation of 5 ginseno-
sides within 30 min, which was much shorter than the proposal
mentioned in the Chinese Pharmacopoeia (~100min) with more
convenient chromatographic separation conditions [26].

So far, only the commercial prediction software used for one-
dimensional LC can be available. Thus, the prediction results for
single column were compared between the commercial ACD/LC
and the homemade algorithm. The results listed in Table S6 (Sup-
porting information) indicated that the predicted retention times
of BS-Lab1, 2, 3 and GS-Lab using both software were similar, but
the algorithm we developed was significantly better than ACD/LC
in predicting retention times of BS-Lab4 due to the drastic change
in the mobile phase was corrected in our algorithm. In terms of
peak widths, the RADs between the predicted and experimental re-
sults were within 16% except BPZ and BPC, no matter it was com-
ing from ACD/LC or our algorithm, which may be attributed to the
narrow peak width magnified the deviation.

In conclusion, a new approach incorporating the prediction of
retention time and peak shape that allows for optimizing sepa-
ration of structural analogues in LC tandem system was proposed
and validated. The method has been applied to the prediction and
optimization of the separation among two groups of structural
analogues, bisphenols and ginsenosides, respectively, by an opti-
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mization software package developed for simplifying the use of
the strategy established in this work. The proposed strategy was
efficient and eco-friendly to simultaneous analysis and monitoring
structural analogues due to its high throughput, low solvent con-
sumption and reduction of manual labor.
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