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Abstract

In this study, design of experiments was applied for the analysis of 6 reversed phase U-HPLC
columns used for the separation of four tetracyclines (TCs): tetracycline, doxycycline,
chlortetracycline and oxytetracycline in different elution conditions. In a first part, a fractional
factorial design (2*) was used to study the influence of four chromatographic parameters: column
temperature, pH, flow rate and composition of the mobile phase (i.e. nature of the solvent used as
the organic modifier), on the quality of the separation, which was evaluated in terms of peak width
and resolution between two pairs of TCs. This experimental design revealed that the nature of the
solvent: acetonitrile (ACN) or methanol (MeOH), and the mobile phase flow rate were the two
main factors actually having the most influence on the quality of the separation. Moreover, these
two factors presented an antagonistic influence according to the response considered: peak width
or peak resolution. In order to understand this behavior, a Doehlert design was performed in the
second part. It consisted in modeling the evolution of responses as a function of the two main

factors: nature of the composition of the mobile phase (mix of ACN and MeOH, from 100 % ACN

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
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to 100 % MeOH) and mobile phase flow rate (fromt.8.8 mL.mif). For all the reversed

phase columns studied, an inversion of the eluiidier of TCs and an increase of the retention
factors was observed according to the compositidheoorganic mixture at the end of the
gradient. To understand the modification of therattions implied in the various retention modes
related to the selectivity of the organic solvarged, a quantitative structure-property relatiomshi
(QSPR) study was achieved. In this final study,tiudecular descriptors of each TCs were

connected to its retention factor.

Keywords

» Tetracyclines
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« U-HPLC

» Design of experiments
* Quality by design

* Quantitative structure-property relationship

Highlights

» Design of experiments was applied for the screeafr@yRP U-HPLC columns

* Interpretation of the separation of tetracyclin@xytycline, chlortetracycline, oxytetracycline.
* The robustness area is located in different speaiftas

* The optimal conditions differ greatly for the colostested.

* A QSPR study showed deep modification of the raannechanisms.

Introduction
The use of veterinary antibiotics to treat diseateprotect animals from infections or to improve

feed efficiency is constantly increasing. Aquaawdtis also involved, with its heavy use of
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prophylactic antibiotics in the aquatic environmeivters, lakes and oceans [1]. All these treatment
result in large amounts of antibiotics being redebisito various ecosystems [2]. The most usedef th
broad class of antibiotics are tetracyclines (T@&s)owed byp-lactamines, sulfonamides,
lincosamides, diaminopyrimidines and macrolides $ihce the late 1990s, the intense use and misuse
of antibiotics has received particular attentioe tlu correlations with the numbers of resistant
pathogenic and commensal bacteria worldwide [4]di®s of these effects on ecosystems and the
potential risks of these compounds for human héwltle involved the development of extraction [5]
and separation methods [6] for the identificatiod guantification of TCs. Because of the high
polarity, water solubility and non-volatility of mg antibiotics, liquid chromatography, with diode-
array (DAD) [7], mass spectrometry (MS) or tander@ [8] detection, is widely used for their
separation and quantification in complex matrisesh as surface water or wastewater [9]. In
particular, TCs have been separated on a varigfPbiC Reversed-phase (RP) columns with isocratic
or gradient elution. C18, C8, or phenyl selectivigs been used [10-12] with a great variety of
aqueous mobile phases using methanol (MeOH) oonitete (ACN) as organic modifier and buffers
or acids such as oxalic acid, formic acid, oxabaiers and citrate buffers. One of the problems
encountered with the separation of TCs is the &ctéyn of these molecules with the residual silanol
of the stationary phases, leading to marked pekkgazhu et al. [13] proposed the addition of E®T

or oxalic acid to the mobile phase to limit thifeet but the use of these agents decreases the
sensitivity of MS detection. Cinquina et al. [14Jedl a ternary mixture of oxalic acid in water (60%)
MeOH (25%) and ACN (15%). Skraskova et al. [15]wbd the influence of different column
chemistries on the separation of TCs and used AONe®H in optimized gradients. Nevertheless, it
is commonly accepted that some chromatographicitionsl have antagonistic effects on
chromatographic quality. For example, conditidret tead to the narrowest peaks are sometimes very
different from those that improve the resolutiororh this observation, the choice of mean conditions
with a mixture of organic solvents at the end &f ghadient of elution are often used, without
optimization of the quality of separation. Consetle it seems interesting to study the different
factors influencing the quality of TCs separati@mg chemometric tools and to connect these factors

with molecular interactions between the analytes stationary phase and the elution solvents.

3
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Various chemometric methods are already being dpeel and applied in order to study and optimize
the selectivity of the separation of antibioticslioyid chromatography [10]. Design of experiments,
DoE, is one such mathematical tool, which uses lévatiate approach for an exhaustive study of the
factors influencing a phenomenon and / or thergetation of predictive models. In the field of
chromatographic methods, parameters influencingjttadity of the separation are all closely linked
[16], making these tools particularly effective.merous authors have shown the interest of this type

of strategy for the analysis of pharmaceutical coamgls using liquid chromatography [17-20].

Moreover, thanks to the determination of predictivedels, DoE appears to be a very suitable strategy
for performing desirability analysis [21] or pretiigy robustness areas (RAs) and thus finding the
analytic optimum [22]. RAs are defined as “the naitthensional combination and interaction of input
variables (e.g. material attributes) and procesarpaters that have been demonstrated to provide
assurance of quality” [23]. They can therefore tiesidered as theoretical zones in which variations

of the parameters of the analysis do not signiflgaaiter separation quality.

In this context, the aim of the present work wasttaly and analyze the retention of four TCs:
tetracycline (TC), doxycycline (DXC), chlortetradipe (CTC) and oxytetracycline (OTC) on six
reversed phase U-HPLC columns by means of a melihgidal approach based on DoE and QSPR

study. The chemical structures of the four TCsgiwen in Figure 1.

Two column technologies were evaluated: (i) thee€®nell Technology, with three columns:
ACQUITY CORTECS C18, 2.7 um (Waters), KINETEX C187 um (Phenomenex) and
NUCLEOSHELL RP18, 2.7 um (Machery-Nagel) and €y, fully porous packings, different particle
technologies and surface charges were evaluatedA@QUITY UPLC CSH C18, 1.7 um (Waters),
ACQUITY UPLC HSS T3, 1.8 um (Waters), and ACQUITYLC BEH Shield RP18, 1.7 um,
(Waters).We analyzed the influence of: the selégtif two organic solvents (ACN, MeOH) in
gradient mode, the mobile phase flow rate, the tagiiase pH, and the temperature of the column,

by means of experimental design.
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First of all, preliminary experiments were useditd the most selective of the six columns. Then, f
each column chosen, the chromatographic conditieare analyzed in two stages. Firstly, a Fractional
Factorial Matrix was used to screen the four ch@selytical parameters: mobile phase composition,
gradient time, mobile phase pH, and column tempegatind determine the influence of each of them
on: peak width at 5% of the height of each TCg)(@hd resolution of critical pairs (Rs). Secondly,
the two most effective factors were studied moeeisely thanks to a Doehlert Design (DD). The use
of this kind of DoE led to the determination of netglpredicting Wand Rs at any point of the
experimental field. From these data, a robustnesssaas defined for each column and optimized
chromatographic conditions were highlighted antetbsFinally, in order to understand the molecular
mechanisms involved in the retention behavior e6€hTCs, a quantitative structure-property
relationship (QSPR) study was carried out by usiriicial neural networks (ANN). This QSPR

study allowed a molecular-level analysis of theliattions related to the retention of TCs on the
various stationary phases, according to the seictf the organic solvent used (ACN and MeOH)
and the proportion of each one. This QSPR studigleddahe modified order of elution of TCs to be

analyzed according to the gradient conditions.

Materials and methods

Chemicals

Tetracycline hydrochloride, oxytetracycline, doxgiize and chlortetracycline were purchased from
Sigma-Aldrich Co. (St. Quentin Fallavier, Frana®EN and MeOH of HPLC grade and formic acid
were also obtained from Sigma-Aldrich. All agueso#utions were prepared using water purified
with a milli-Q purification system (Millipore, SQuentin Yvelines, France). The pH of the 0.1% (v:v)
(pH = 2.2) or 0.01% (v:v) (pH = 3.3) aqueous sautof formic acid was measured with a pH-meter

(Sartorius, Palaiseau, France).

U-HPLC equipment and separation conditions
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U-HPLC analyses were performed using an Ac§uityClass UPLC system composed of a
quaternary solvent manager, a sample FTN managea DA detectorA=254 nm) (Waters
Corporation, Milford, MA, USA). Analyses were momiied by Empower 3 software (Waters Co.).

Eluents were filtered with 47 mm, 0.45um nylon meanie discs (Waters Co.).

The samples (1Ymol.L™") were prepared in pure water and stored at 4°@@nlark. Each TCs was
injected (2 pL) separately, as well as in the mietdior LC analysis and precise determination ef th
chromatographic parameters. For these analyseadaéegt mode was programmed with all initial
conditions ¢ 100% aqueous solution of formic acid (pH 2.2 @) &nd all final conditiongi; 100%
organic solvent (MeOH or ACN), with a run time off8nutes, a column temperature of 40 °C when

using MeOH or 30 °C with ACN as the organic solyemtd a flow rate of 0.6 mL.miin

These conditions were applied to 6 reversed phalsenns: ACQUITY UPLC BEH Shield RP18, 1.7
pm, 2.1 x 50 mm (Waters); ACQUITY CORTECS C18, |21, 2.1 x 100 mm (Waters); ACQUITY
UPLC CSH C18, 1.7 um, 2.1 x 50 mm (Waters); ACQUIIFLC HSS T3, 1.8 um, 2.1 x 50 mm;
KINETEX C18, 1.7 um, 3 x 50 mm (Phenomenex, Toreai@A, USA); NUCLEOSHELL RP18, 2.7

pm, 2 x 100 mm (Macherey-Nagel GmbH, Diren, Gerpany

Optimized separation conditions

The separations were carried out on the H-Class@J8Istem described previously, on two reversed
phase columns: ACQUITY CORTECS C18, 2.7 um, 2.0& hm (Waters) and ACQUITY CSH
C18, 1.7 um, 2.1 x 50 mm (Waters). Each TCS*(@@I.L™") was injected (2 pL) separately as well as
in the mixture, for LC analysis, in gradient modéhvall initial conditions (% vol.) ¢t 100% aqueous
solution of formic acid (pH 2.2) and final condit UPLCa t,i25% MeOH, 75% ACN, flow 0.6
mL.min"; UPLCD t3,x88% MeOH, 12% ACN, flow 0.65 mL.mim UPLCC t3i5% MeOH, 95%
ACN, flow 0.5 mL.min'. UPLC a was applied with the ACQUITY CORTECS Cbfumn, and

UPLC b and UPLC c were applied with the CSH C1&wi. For all conditions, the run time was 3

minutes and the column temperature was 40 °C.
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Design of Experiments (DoE)

Sdection of responses and experimental factors
The first step of a DoE approach is the selecticth® chromatographic parameters to be optimized.

These parameters are named responses. The praseiibcused on two responses:

» Peak width at 5% of the height (M¢alculated for the TCs injected one by one, esq@d in
seconds
* Resolution (Rs) of the TC pairs: TC and OTC ondhe hand, and CTC and DXC on the

other (eq. 1)

tr(i)' tl’(j) eq. 1
Rs=2| ———
<Wi+ W,

with t,; the retention time of the second eluted TCs ofptie and 4, the retention time of the

first eluted TCs.

The second step consisted in evaluating the expatathparameters likely to significantly affect
responses. These parameters are named factorstaadUi. In the present study, the selected factors

were:

» Uy Initial mobile phase pH (i.e. formic acid conaation): pH = 2.2, i.e. [HCOOH] = 0.1 %
(v:v), or pH = 3.2, [HCOOH] = 0.01 % (v:v) corresponding to lawd high pH with values
lower than and close to the smallest pKa of the€C4 [IL5].

» U, Type of organic solvent used as modifier in thedient of elution: pure acetonitrile
(ACN), pure methanol (MeOH) or different mixes béttwo. These solvents were selected for
their differences of polarity, selectivity, and lngden bond acidity or basicity, according to
the Snyder and Rutan classifications [24].

« U Mobile phase flow rate: from Q = 0.3 mL.rito Q = 0.8 mL.mif, corresponding to a

low and high linear velocity for all the column geetries tested.



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

* U, Column temperature: T =30 °C or T = 40 °C cquoggling to a low and high value acting

on the viscosity of the mobile phase [25].

DoE selection
The most influential factors among the four mengidabove were selected by using a factorial
fractional design. This well-known design was choeinvestigate the effect of each factor, and als

had the advantage of highlighting the possiblerautiions between factors.

DoE construction

Factorial fractional design (FED)

An FFD determines the most influential factorst ikdo say, factors that have the highest effect o

the selected response.

The domains of pHU,); Solvent type (L); flow rate (L) and temperature (Ywere 3.2-2.2;

Acetonitrile (ACN)-Methanol (MeOH); 0.3-0.8 mL.min30-40 °C, respectively.

The relation between the selected response Y anddthed variables;Xhat are related to the natural

variables Ywas expressed as eq. 2:

eq. 2

=2 i=1 j=2 =3
i<j i<j<k

2 3 4
bl]XLX] + Z Z z bl'iji X]Xk + bijle1X2X3X4
- J k
whereb; represents the estimation of the main effectofdri, b; the estimation of the effect of the
first order interaction between facticand factoy, andby, by andbjum the estimation of the effect of

the interactions of order two, three and four reigely. The aim is to calculate these effectsriten

to evaluate the influence of each parameter onetigonse.

Based on this modeled equation, an experimentabo@nsisting of 16 different experiments could
be generated. However, to reduce the number ofriexgets required, it was decided to fractionalize
the experimental matrix, i.e. to perform only &loé 16 experiments. In such cases, it is assunagd th
some interactions are negligible and consequeatiybe confounded with significant factors or

interactions, resulting in a reduction of the numifeexperiments required. By this operation, the

8
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results obtained are combinations of significamt aegligible effects. These combinations are named
aliases, noted. By analyzing the significance of each aliassipossible to get back to the

significance of main effects and first order inttian effects.

Here, it was unlikely that there would be an intéicm between the initial pH (represented by, Xhe
composition (represented by)and the flow rate (represented by) Xf the mobile phase.
Consequently, the interaction X3 could be considered negligible and confounded waiitbther
factor or interaction. In our case, it was assuthatt X, = X;X,X3. From this equation, the defining

relation could be identified as: | = 1234.

The defining relation was then used:

* To develop the complete alias structure (Table 1).

* To design the experimental matrix (Table 2)

Additional runs (1to 1° were carried out to validate the statistical igance of the results through

an Analysis of Variance model (ANOVA).

Table 1: Structure of aliases (FFD)

lo =hy+ bas s =l

i =h ls = Do+ bss
b =b le  =bis+ by
ls  =hs l7 =bps+bis




221 Table 2: Experimental matrix with the pH of the aqus solution (pH, organic solvent used in the

222 gradient, flow rate of the mobile phase, columngerature and effect matrix (FFD)

Experimental plan

U, U, Us U,
Run
pH; Solvent Flow rate ~ Temperature

mL.mint  °C

1 3.2 (-1) ACN (-1) 0.3 (-1) 30 (-1)
Elb 3.2 (-1) ACN (-1) 0.3 (-1) 30 (-1)
1 3.2(1)  ACN(1) 03(1)  30(1)
éld 32(1)  ACN(1) 03(1)  30(1)
1 3.2(1)  ACN(1) 03(1)  30(1)
2 22(+1) ACN(1) 03(1)  40(+1)
3  32(1)  MeOH(+1) 0.3(1) 40 (+1)
4  22(+1)  MeOH (+1) 0.3(1)  30(1)
5 32(1) ACN(1) 08(+1) 40 (+1)
6 22(+1) ACN(-1) 08(+1)  30(-1)
7  32(1)  MeOH(+1) 0.8(+1)  30(-1)

8  22(+1)  MeOH (+1) 0.8(+1) 40 (+1)

223

224 Doehlert design (DD)

225 A DD was performed to model the evolution of peadithvs and peak resolutions as a function of the
226  organic solvent in the gradient of elution (nameachere) and the mobile phase flow rate (named U
227 here). The aim of this experimental design waseéate a surface of response in order to captere th
228 possible nonlinear effects and curvatures in thmalo and consequently forecast the response at any

229  point of the domain.

230 The postulated model is the quadratic equationngbyeeq. 4:

10
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Y = by + byX; +byXy + by Xy X; + byoXpX, 4+ bipXi X, eq. 4
where Y represents the selected responsan& X% the coded forms of the factors bhd U
respectively, band b the estimation of the main effect of factors 1 @méspectively, f the
estimation of the effect of the first order intdian between factor Uand factor Y, b;; and b, the

estimation of the quadratic effect of the factofsadd U respectively.

X1 = (Ur- Ulo)/ AU; 5 Xo = (Up- UZO)/ AU,, where the value at the center of the experimettalain
was 50% for f and 0.55 mL.miftfor U,°, and the variation steps AU; andAU, were 25% and
0.25 mL.min', respectively. It should be noted that the soheemhposition is expressed in terms of
%MeOH at the end of the gradient of elution (foample, 25%MeOH means that the solvent

composition is MeOH 25% and ACN 75%).

The experimental matrix is given in Table 3. Thaeelitional runs were performed to validate the
statistical significance of the results throughPamalysis of Variance (ANOVA). For these

experiments, pHwvas fixed at 3.2 and the column temperature &40

11
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Table 3: Experimental matrix with the organic mheiwomposition at the end of the gradient
(%MeOH), flow rate and effect matrix (DD). The mix¢ is composed of %MeOH and 100 - %

MeOH for the ACN proportion.

Experimental plan

U, U,
Run
% MeOH Flow rate

mL.min*

1  100(+1)  0.55(0)

2 0(-1) 0.55 (0)

3  75(+0.5) 0.799 (+0.87)
4% 25(-05)  0.301(-0.87)
§4b 25(-0.5)  0.301 (-0.87)

§4° 25(-0.5)  0.301 (-0.87)
5 75(+0.5) 0.301(-0.87)
6  25(-0.5)  0.799 (+0.87)

7 50(0) 0.55 (0)

DoE analysis
Experimental results obtained from the differergigies were analyzed by the statistical graphic
software NemrodW® [26], which was used for theraation of regression coefficients, statistical
tests, and graphical analysis. The statisticalisigmce was calculated using a classical Analgéis

Variance (ANOVA) model.

QSPR study

The concept of QSPR studies was proposed in thke @fddlammett, Taft, Hanch, Fujita, Free and

Wilson [27-30]. ANNs are widely used for variabtestion and model construction in QSAR or

12
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280

QSPR studies [31]. The multilayer feed forward AN#¢sociated with a back propagation learning
algorithm, proposed by Rumelhart et al. in 1986,[82re used in this study, with independent input

and output layers [33].

The 3D structures of the TCs were optimized usargisesmpirical AM1 quantum mechanical
calculations of the MOPAC application, in Chem 3 Rersion 14.0 software (CambridgeSoft). An
RMS gradient of 0.100 was used to minimize eneogyafl compounds. The optimized structures
were used to calculate 2D and 3D molecular desegph the Chem 3D Pro 14.0 and Chem 3D Ultra
9.0 software (CambridgeSoft). Four classes of dases were calculated: thermodynamic (boiling
point, Bp; critical pressure, Cp; critical temperrat Ct; critical volume, Cv; Gibbs free energy, G;
heat of formation, H; Henry’s law constant, Hc;atlgas thermal capacity, Ctc; octanol-water
partition coefficient, log P; molar refractivity, R melting point, Mp; freezing point, Fp; vapor
pressure, Vp; water solubility, log S), topologi¢Balaban index, J; cluster count, CC; molecular
topological index, MTI; Wiener index, W), stericv@ity, O; Connolly accessible area, CAA), and
electrostatic (dipole moment; dipole length, dl; total valence connectivity,cT¥otal connectivity
Tcn). An ANN was created using the Stuttgart NeMetwork Simulator version 4.2 (University Of
Stuttgart, Germany) with a sigmoid activation fuotand a back-propagation learning algorithm.
This ANN was structured with an input layer coneecto each molecular descriptor and an output

layer linked to the retention factor (k) of eachsTC

Results and discussion

U-HPLC separation of TCs on the 6 RP columns

The typical chromatograms obtained with the 6 RIBroas are given in Figure S1 and the retention

parameters calculated are given in Table S1.

For all the chromatographic conditions, the fours™re separated into two groups: OTC and TC in

a first group of peaks, followed by CTC and DXCig(ffe S1). Retention times were always increased

13
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by using MeOH as the organic solvent in the gradi¢rlution and the fastest separation was carried
out in 1.58 min with an ACQUITY UPLC CSH C18 coluraging ACN as the organic solvent in the
gradient of elution (Figure S1). In contrast, theults show that the peak width of all the TCs
decreased when ACN was used. In fact, the lowdsesaf W were obtained with MeOH on the
ACQUITY UPLC BEH Shield RP18, ACQUITY CORTECS C18BACQUITY UPLC CSH C18
columns (Table S1). The tailing factor values waose to 1 for the ACQUITY CORTECS C18 and

the ACQUITY UPLC BEH Shield RP18 columns for bot&K and MeOH.

The use of a linear gradient varying from 100% agsesolution at initial conditions to 100% MeOH
or ACN after 3 minutes allowed us to identify trewmn that satisfied the selected criteria of
effectiveness with the smallest peak widths, tletsist retention time and a symmetry of peak close
to 1. The polarity and similar chemical structur&€3 Cs led to very different chromatographic
developments, including simple linear gradientsnfrt00% aqueous to 100% organic with MeOH and
ACN [34]. On the basis of these criteria, we cha$elly porous column: ACQUITY UPLC CSH

C18, which gave the lowest;With ACN, and a Core-Shell column: ACQUITY CORTECSS8,

which gave a small value for \&nd a tailing factor close to 1 for ACN and MeQHese two

columns were used in a DoE optimization in ordedamtify the ideal conditions of retention for
these TCs. The analysis of the retention paramshteraed great variability of VYand Rs for the two
selected columns, according to whether ACN or Me@id used (Table S1). For tf, the variation was
not representative when the values obtained withh ACMeOH were compared for the two selected

columns (Table S1). In the DoE phase, the selanitatia were thus \\and Rs.

For all the columns tested, the order of elutios vdgntical when ACN was used as the organic
solvent in the gradient of elution (OTC, TC, CT@rrDXC) whereas this order was modified for all
the tested columns when MeOH was used (TC eluteado®TC) (Figure S1). A study of the
chromatograms showed that this peak inversion wesnapanied by an increase in retention times for

all the TCs and all the columns tested (Figure S1).
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Fractional factorial design

First, a factorial fractional design was perfornedighlight the chromatographic factors that Hasl t
most influence, for the two columns selected (ACQUICORTECS C18 and ACQUITY UPLC CSH
C18), that is to say, the factors that had thetgst@ffect on the selected responses. Responses we
peak widths (W, Wortc, Were, Woxe) and peak resolutions (Rgrc, Rscrepxc). The choice of these
two complementary chromatographic parameters atlaive width of each chromatographic peak to
be optimized, firstly by considering the effecttioé analytical conditions over this width. The
resolution calculation improved the separation gsialof the four peaks. The chosen factors and the
values are detailed in part 2.4.1. In each casevtb levels had to be sufficiently different talirce

response variations.

The experiments described in the experimental mn@lable 2) were performed with the two

columns. The chromatographic results: peak widtlisrasolutions, are given in the complementary
data for each column (Table S1). Aliasg$,l I3, 14, Is Is and }, were calculated by least squares linear
regressions of the experimental results, togetlirtive margin of error (by means of a Studeni) test

by the NemrodW software, for the 6 responses df eatumn.

For all the responses studied, according to thetstre of the aliases (Table 1), and consideriag) th
interactions between three or more factors weedeivant, (i) aliases,ll,, I3, I, were almost equal to
the corresponding factor effect, respectivelyld, bs, by, and (i) k ls and L represented combinations
of interaction effects, respectively,t by, bz + b4, bz + by, For all TCs, the initial pH of the
mobile phase, the solvent type in the gradientuian and the mobile phase flow rate had significa
effects on peak width. The values of aliasemnd b were the highest, showing clearly that the two

most influential factors were the solvent naturd e mobile phase flow rate.

The study of the interaction effects containechim t and } aliases revealed that interactions between
the initial pH of the mobile phase and the solvgpe in the gradient of elution (), and between the
mobile phase flow rate and temperaturg)(tid not have significance influence. In contrast,

interactions between initial pH and flow ratesfpsolvent type and temperaturggbsolvent type and
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flow rate (Bs) and initial pH and temperature,{oseemed to have significant influence on the TCs
peak widths. Nevertheless, as the temperaturedadiave significant influence, it can reasonably be
considered that interactions including this faetere not significant. Thus, interactiong bnd h,

can be judged non-significant. The other two irtgoas ks and B; need to be studied more precisely

through their interaction diagrams (Figure 2).

Each diagram represents the four different comhinatof the two factors tested in the experimental
plan (i.e. for the XXz diagram: X =+1 and X =+1, X, =+l and %=-1, X; =-1 and % = +1 and X

= -1 and % = -1) and the average of the experimental respgoois&ined for each combination. From
these diagrams, it is possible to find the comlpimathat gives the best condition relative to the
chosen response. In the case of the responrse, Weak width has to be as small as possible, (red
circle in Figure 2). Consequently, the best condgifor Wayc are: X = +1, % =-1 and % = +1, i.e.

pHi = 2.2, solvent = ACN and Q = 0.8 mL.riin

Eventually, from the analysis of the Pareto gramdh the interaction diagrams it is possible to
conclude that (i) the two most influential factarg the type of solvent and the mobile phase fee r

and (i) the best conditions to obtain the small@XC peak width are:

» Organic solvent in the gradient of elution : pur@hM

« Mobile phase flow rate: Q = 0.8 mL.rfin

« Initial mobile phase pH: pHi = 2.2 (i.e. [HCOOH]G=1 % (v:v))

e Column temperature: N.S.
The same analysis was repeated for the other resp@md for the two columns. It should be noted
that the peak width needs to be as low as posaitiidhe resolution between two peaks as close to
two as possible. The best conditions obtained ¢h ease are summarized in Table 4 for the two

columns.
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Table 4: Results from analysis of Student testiatetaction diagrams for the 6 responses and the tw
different columns
Results
ACQUITY UPLC CSH C18 column ACQUITY CORTECS C18umn
Factors Peak width Peak resolution Feak width Peak resolution
Rs Rs Rs Rs
WTC WDXC WCTC WOTC WTC VVDXC WCTC VvOTC
TC/IOTC  CTC/DXC TC/OTC CTC/DXC
pH 22 22 22 22 NS 22 22 22 22 22 22 2.2

Solvent ACN ACN ACN ACN MeOH MeOH ACN ACN ACN ACN MeOH MeOH

Flow rate 08 08 08 0.8 08 0.3 08 08 08 08 03 0.3
TemperatureN.S. N.S. N.S. N.S 40 30 N.S NS NS NS 40 30
From these results, it is possible to concludstl§ir that the most influential factors were thpeyof

solvent in the gradient of elution and the mobhage flow rate for the two columns and the six
different responses. In the same way, all the mesgp®were enhanced when the mobile phase had a pH
= 2.2. It appears that the effect of the tempeeatur W was not significant, in the selected range, for
either of the columns. For Rs, the temperatureshdifferent effect according to the peak pairs

TC/OTC and CTC/DXC. The effect was greater withftbes rate of 0.8 mL/min and with MeOH

used as the organic solvent in the gradient (Tébl&he temperature applied for the optimized
conditions will be 40 °C to take account of theceisity of MeOH used as organic solvent. The
conditions required to optimize the peak widthsenttre same for the four TCs and for both columns:

a mobile phase consisting of acetonitrile as salirethe gradient of elution with a pH of 2.2, aad

flow rate of 0.8 mL.miff. However, the conditions to obtain the best regmiuof peaks presented
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some differences from one column to the other aomh one critical pair to the other. Globally, the
resolution of the two pairs was enhanced when tbieilephase was MeOH with a pH of 2.2, and a

flow rate of 0.3 mL.mift.

These observations revealed that the two mainrgdtoe type of solvent in the gradient of elution

and the mobile phase flow rate, had opposite inftes according to the response considered: peak
width or peak resolution. In order to understans lfehavior and find optimal conditions whateves th
response, a Doehlert design was performed, modglagvolution of the six responses as a function

of the two main factors.

Doehlert design

The Doehlert design was performed to model theutianl of peak widths and peak resolutions as a
function of organic solvent composition at the efithe gradient of elution, and the mobile phase
flow rate. It should be noted that the organic sntwas a mix of ACN and MeOH. It is expressed as
%MeOH. For example 25%MeOH means that the solvemiposition was MeOH 25% and ACN

75%.

Experiments described in the experimental matrab{& 3) were performed with the two columns
(ACQUITY CORTECS C18 and ACQUITY UPLC CSH C18). Madoefficients i by, by, b, and
b;, were calculated by the NemrodW software and veddighrough ANOVA tests for the six
responses and the two columns. Finally, model émpgmtvere expressed in the form of surface
responses where the evolution of one response lattecpas a function of the two selected factors.
Figure S2 shows the isoresponse curves fay(Bigure S2g, Worc (Figure S2b), Werc (Figure

S2aG), Wpxc (Figure S2g), Rscjotc (Figure S2@ and Rercpxc (Figure S2f) on the ACQUITY
CORTECS C18 column, depending on the organic sb@mposition and the mobile phase flow
rate. In order to find the optimized conditions,aaga of interest was chosen for each responsg. Thi

area fitted the smallest peak widths and the higbesk resolution. Consequently, only peak widths

18



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

smaller than 1.5 (Figure Sg&igure S2h Figure S2g¢ andrigure S2¢) and resolutions higher than 2

(Figure S2gand Figure S2f were considered.

In order to define the robustness area for the AOQUCORTECS C18 column, all areas of interest
were superimposed in the same graph, resultinggur& 3. The same analysis is shown for the
ACQUITY UPLC CSH C18 column in Figure 4. In thesagmhs, the experimental area studied by the

Doelhert design is represented by a red circle.

The hatched area is the overlap of the robustress af all responses, it indicates the best apgrat
conditions for the separation of these four TC84iHPLC using a given column. Thus, the best
separation conditions are obtained, for the ACQUIO®RTECS C18 column, with a mobile phase
mainly composed of ACN at the end of the gradiértiation and a flow rate of around 0.6 mL.Mjn
whereas, for the ACQUITY UPLC CSH C18 column, thehite phase at the end of the gradient
needs to be either pure MeOH with a flow rate highan 0.65 mL.mif or pure ACN with a flow

rate around 0.5 to 0.6 mL.min

Optimized separation of the TCs

From these results, the optimized conditions wefandd for the 2 columns. For the ACQUITY
CORTECS C18 column, the robustness area showsoelyptimized zone, close to 25% MeOH,
75% ACN at the end of the gradient of elution. e ACQUITY UPLC CSH C18 column, two
conditions can be applied, with either 88 % MeOR %4 ACN or 5 % MeOH, 95% ACN at the end of
the gradient of elution. These three conditionsevagplied to the separation of the four TCs, asethr
test points. The chromatograms obtained with thed@lumns are given in Figure 5 and the

calculated retention parameters in Table 5.

Table 5 : Retention parameters calculated from WEiBptimized chromatograms of TCs solutions:
tetracycline (TC), oxytetracycline (OTC), chlortatycline (CTC) and doxycycline (DXC) obtained
on ACQUITY CORTECS C18, 2.7 um, 2.1 x 100 mm colyumith 0.6 mL.min-1, 25% MeOH, 75%
ACN at the end of the gradient (al), and ACQUITYL@RCSH C18, 1.7 um, 2.1 x 50 mm with 0.5
mL.min-1, 5% MeOH, 95% ACN at the end of the gratli@2) or with 0.65 mL.min-1, 88%
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422 MeOH,12% ACN at the end of the gradient (a3) astiganic solvent in gradient mode. tr: retention

423  time, K’: retention factor, \Wpeak width at 5%, tf: tailing factor, Rs: resabut
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Organic Solvent (end of gradient): 25% MeOH, 75%d\NAColumn: ACQUITY CORTECS C18,

chromatogram al, Figure 5.

Compound tr (min) K W (x10? min.) tf Rs
oTC 1.59 3.0 2.05 1.20
3.86
TC 1.67 3.2 2.03 1.28
CTC 1.79 3.5 2.20 0.95
2.95
DXC 1.86 3.7 2.06 0.77

Organic Solvent (end of gradient): 5% MeOH, 95% A@wlumn: CSH C18, chromatogram a2,

Figure 5.

Compound tr (min) K W ,(x10?% min.) tf Rs

oTC 1.40 3.87 2.01 1.07
2.08

TC 1.44 4.00 1.82 1.10

CTC 1.60 4.57 2,01 0.62
2.54

DXC 1.65 4.71 1.84 0.61

Organic Solvent (end of gradient): 88% MeOH, 12%d\NAColumn: CSH C18, chromatogram a3,

Figure 5.
Compound tr (min) K W (x107 min.) tf Rs
TC 1.36 541 2.04 0.87
2.33
oTC 141 5.20 1.97 1.02
CTC 1.63 6.41 2.75 0.62
6.22
DXC 1.80 7.21 2.87 0.60

424
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Two DoE tools were used to determine optimized @@ for the separation of TCs on two RP18
columns. For the three test points, the objectigs achieved for the 4 TCs. The choice of a simgle p
modifier (0.1% formic acid in water) and one or targianic solvents at the end of the gradient,
revealed one or more robustness zones for thedlgoted columns. The resolution Rs>2 was
obtained with a separation of less than two minfdethe four analytes. The peak widths were also
optimized. The lowest values @x10% min) were obtained with the ACQUITY CORTECS C18
column and the gradient conditions UPLC a (25%Me@8%ACN, end of gradient) and for the
ACQUITY CSH C18 column with the gradient conditiddBLC ¢ (5%MeOH, 95%ACN, end of
gradient). For all the optimized conditions, tfttars were not controlled and varied from 0.60 &81.

(Table 5).

The chromatogram for the optimized conditions v&8% MeOH, 12%ACN at the end of gradient,
used with the ACQUITY CSH C18 column, showed a rfiediorder of elution for the TCs (Figure 5,
a3). This inversion in elution order of TCs waatbserved in the screening phase of the six reders
phase columns, when MeOH was used as the orgdmansao replace ACN (Figure S1). With a
majority of ACN at the end of the gradient, theerdf the first pair of TCs was OTC-TC (Figure 5,
a2). In majority presence of MeOH at the end ofgfraalient, this order changed to TC-OTC (Figure
5, a3). For the ACQUITY CORTECS C18 column, thetomi& used at the end of the gradient, 75%
ACN, 25% MeOH, showed the OTC-TC order of elutibig(re 5, al). To study these retention
mechanisms and this selectivity related to theesdlused in the end of gradient, we undertook a
QSPR study with ANNSs, in order to connect the malacdescriptors of each TC to its retention
factor, k'. The weights with absolute value >1 ofles linked to molecular descriptors of the TCs are
given in Figure 6. It appears that, in the preseid®CN-rich mixture (75% ACN; 25% MeOH or
95% ACN; 5% MeOH), only two molecular descriptoes/d a significant weight: log P, linked to
hydrophobicity; and total valence connectivity (Tuelated to the steric structure of the molecule.
With ACN-rich mixture, k' is not directly linked tthe calculated log P for all TCs and the elution
order is: OTC, log P: -4.53; TC, log P: -3.76; CT&y P: -3.24; DXC, log P: -3.41. DXC with a lower

log P is eluted after CTC. The steric parameter haws an important influence in the elution of
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CTC/DXC, and shows less influence in the elutio®diC/TC. Koopmans et al. [35] showed the
importance of calculated log P in the analysishefretention of polyaromatics using ACN as organic
modifier. In their study, the parameter of conngttichosen (Tcn) did not bring extra informatidmn.
the case of TCs, calculated log P does not prediekplain the order of elution of the compounds.

For this, it is necessary to add a steric paranTateior Tcn.

With MeOH-rich mixture, log P is the descriptoratfongest weight (5.64) and 10 other molecular
descriptors are linked to the retention factorhef TCs (Figure 6). Four descriptors have very
significant weights >3: log P, Balaban and Tcm tepological parameters; and a thermodynamic
descriptor, critical pressure. With a MeOH-rich e, the influence of the steric parameters iy ver
marked for the elution of OTC/TC. The QSPR studyvetd that the retention of the four TCs was
controlled by log P and one steric parameter wh€iNAvas mainly used on all the stationary phases
retained in our work. In this case, the retentiactdrs, k', were smaller and lay between 3 and 4.71
under the optimized conditions (Table 5, al, a2presence of a majority of MeOH, the retention was
controlled by 10 molecular descriptors, including P, 2 steric descriptors and 1 thermodynamic
descriptor for the four having very strong influer(€igure 6). The mechanisms of retention were then
significantly modified, with an increase of k' fibre four TCs (range 5.41-7.21, Table 5, a3). This
diversity of molecular interactions was also coneeéavith an inversion of the OTC/TC elution order
(Figure 5, a3) and no modification of the elutioder for CTC/DXC. The stationary phases using
charged surface hybrid (CSH) technology showedhipéid separation with Rs >2 in 2 different
elution systems: using 95% ACN and 5% MeOH or 88%0¥ and 12% ACN at the end of the
gradient. With CSH columns, the silica particles envered with positive charges, allowing an
electrostatic repulsion of TCs from free silane@lbjch are separated by hydrophobic and steric
interactions (Figure 6). This type of column wasdiby K. Skraskova et al. for the separation of TCs
in surface water [15]. The authors used ACN or Meglbhe to optimize the retentions, without
evaluating the optimization of MeOH/ACN mixturesldw flow of 0.2 mL/min. was applied by Jia et
al. for the separation of TCs on a BEH C18 U-HPLC nwilby using ACN as organic solvent in a

gradient mode [36]. MeOH was used in gradient nfodéhe separation of TCs on a Luna C18
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column [37]. In a recent review of analytical methaised for the separation of TCs, Kim et al. have
shown thalACN used in gradient mode with aqueous formic &ithe preferred mobile phase [38].
However, the influence of each of the organic saiseACN and MeOH or mixture, is not analyzed
on the separation performances. In this study,hegghat it is necessary to carry out 7 experiments
(Table 3) to identify the flow and the proportiohACN/MeOH mixture at the end of gradient to
obtain a Rs>2 for the 4 TCs on a U-HPLC RP18 coluiris the chemistry of the stationary phase
that determines the optimal proportions of the pigaolvent of the gradient mobile phase. For the
ACQUITY CORTECS C18 column, the mixture at the efithe gradient must contain less than 30%
of MeOH and between 90% and 70% of ACN (Figureé=8y.the CSH C18 column, 2 different areas
allowing optimized separation are identified: ooataining 100% ACN or a mixture of more than
90% of ACN with less than 10% of MeOH at the endhef gradient, and the other containing between
88% and 95% of MeOH and less than 5% of ACN aetikof the gradient. It is important to note
that, when using MeOH as organic solvent, it isessary to mix it with between 2% and 5% of ACN
to optimize the resolution of the 4 TCs (Figure®)e QSRR study shows that the mechanisms of
retention are equivalent on both ACQUITY CORTECS@hd ACQUITY CSH C18 columns and
implies hydrophobic and steric interactions (Figoyr@l, a2) when ACN is used as the predominant
organic solvent at the end of the gradient. Thecsieity, solvent strength, acidity or basicity ACN

and MeOH used as the mobile phase was studied addled by Snyder [39] and Glajch [40]. For the
4 TCs, the QSRR study did not show any influence wiolecular parameter linked to proton
exchange, or electronic or polar structure of thedydes (Figure 6). The elution order of the 4 TCs
was not directly correlated to log P. The mechara$metention involved hydrophobic and steric
interactions as shown in Figure 6. By moleculangation, Rafferty et al. [41] showed that
ACN/water mixture could interact with the alkyl ¢hg of the column at different levels. ACN largely
penetrates the alkyl chains, close to the silitsssate. The result is an increase in the alkyircha
order with the use of ACN. With the use of MeOHe #iructure of the alkyl chains is more flexibte, i
connection with an increased weight of the stesi@meters, controlling the retention of the TCs in

association with hydrophobic interactions.
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Conclusion.

This study has shown that the robustness areanté particular columns, such as the ACQUITY
UPLC CSH C18, is located in different specific aearresponding to the use of pure organic
modifier or a mixture, depending on the chemistrgl &/pe of reversed phase column. These optimal
conditions are very different from those more cailseused in the literature since most of those
studies are performed with average conditions,autiobustness optimization. In the case presented
here, the antagonistic effects of the retentioaumater quality are avoided. Moreover, the optimal
areas highlighted in this study are very thin dngtcould not be found without the methodology used
here, and particularly without the use of a Dodlhetwork. With this optimization methodology, four
Tcs could be separated in less than 2 min. withksalution Rs>2. Simultaneously with the
optimization step, it was possible to study the ma@isms of retention at the molecular level. The
QSPR study showed the deep modification of the ar@sims involved with the use of ACN or

MeOH as the organic modifier. The increase in #wtdrs of retention, k', observed with the use of
MeOH is connected with the number and the divexsityhe molecular descriptors involved in the
chromatographic retention. The mechanism of rataritivolves hydrophobic and steric interactions

and is not directly correlated with oil/water paotning (log P).
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Figure 1. Molecular structures of the TCs analyzed by RP U-HPLC
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Figure 2: Interaction diagrams XXz and X,Xs3, for the Wprc response on the CORTECS C18 column
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Figure 3: CORTECS C18 column: Overlap of areas of interest showing RSrciore, RScrepxe, Whe,
Wore, Were, and Wpyxc in relation with the flow rate and organic mixture composition (%6MeOH and
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W: peak width at 5%, Rs: resolution.
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Figure 4: ACQUITY UPLC CSH C18 column: Overlap of areas of interest showing RSrciorce,
Rscrepxe, Wre, Wore, Were, and Wpxc in relation with the flow rate and organic mixture composition
(%M eOH and %ACN) at the end of the gradient. The typical points correspond to a gradient: t0: 100%
aqueous solution of formic acid (pH 2.2) and final conditions for C,: tsmn:5% MeOH, 95% ACN, flow
0.5 mL.min™, and for Cs: t3yin:88% MeOH, 12% ACN, flow 0.65 mL.min".W: peak width at 5%, Rs:

resol ution.



AU
1.2

oTC
a

10 |t TC

CTC
0.8

DXC
0.6
0.4
0.2
0.0
1 1.5 2
Time (min.)
AU AU
2.0 2.0
a, az
oTC TC
1.5 Tc 1.5 oTc
1.0 CTC 10 CTC
DXC DXC
0.5 0.5
0.0 0.0
1 1.2 1.4 1.6 1.8 1 1.2 1.4 1.6 1.8
Time (min.) Time (min.)

Figure 5: Optimized U-HPLC chromatograms of TC #iohs: tetracycline (T), oxytetracycline (O),
chlortetracycline (C) and doxycycline (D) obtairmd CORTECS C18, 2.7 um, 2.1 x 100 mm

column, with flow rate 0.6 mL.mih pH ©=2.2, 25% MeOH, 75% ACN at the end of the gradient
(al), and ACQUITY UPLC CSH C18, 1.7 um, 2.1 x 50 mith flow rate 0.5 mL.mid, 5% MeOH,
95% ACN at the end of the gradient (a2) or wittwfiate 0.65 mL.miH, 88% MeOH, 12% ACN at

the end of the gradient (a3) as the organic solivegtadient mode
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