Supplementary Information
Two-dimensional high performance liquid chromatography separation and tandem mass spectrometry detection of atrazine and its metabolic and hydrolysis products in urine 

Zsuzsanna Kuklenyik,a Parinya Panuwet,b Nayana K. Jayatilaka,a James L. Pirkle,a and Antonia M. Calafata
aDivision of Laboratory Sciences, National Center for Environmental Health, 


Centers for Disease Control and Prevention, Atlanta, GA 30341
bDepartment of Environmental Health,  Rollins School of Public Health of Emory University, Atlanta, GA 30322
Corresponding author:

Zsuzsanna Kuklenyik

Centers for Disease Control and Prevention

4770 Buford Hwy, Mailstop F50

Atlanta, GA 30341

770-488-7923

czk9@cdc.gov

S.1 Effect of mobile phase composition on MS/MS detection:  We diluted the target analyte standards in the mix of four solvents, which were also used as HPLC solvents: 0.5% formic acid in water (A), 20 mM ammonium acetate in water (B), 100% methanol (C), and 0.1% ammonium hydroxide in methanol (D). By systematically varying the composition of the A (5–95%), B (0–50%), C (0–100%), and D (0–10%) solvents (full factorial design with one center point), we studied the effect of eluent composition on formation of the ATZ derivatives ions in positive APCI mode (Figure S1). We found that the only significant effect on ionization was the total concentration of formic acid/formate and acetic acid/acetate. By contrast, the effect of pH between pH 2–6 (below or near the target analytes pKa) was not significant (p> 0.05). Taken together, these results suggest that, under our experimental conditions, the presence of sufficient concentration of proton donor molecules in the gas phase was the most important variable affecting the ionization of ATZ derivatives.  
S.2 Theoretical predictions of chromatographic behavior:  As a first step toward a 2D-HPLC method development strategy for ATZ metabolites, we created a chart of pKa vs. octanol/water partition coefficient (log-P) (Figure S2). We used pKa literature data [1, 2] and theoretical estimations (log-P calculated by use of CS ChemDraw Pro, ChambridgeSoft Co). As the graph shows, the 12 ATZ derivatives encompass a wide range, on both the pKa and the log-P scales. On the pKa scale, the Cl analogs with pKa=1.5-2.5 could be differentiated from the Mer and OH analogs with pKa=5-6.5. On the log-P scale, values followed the polarity order of Cl<Mer<OH and the order of DAA<DIA<DEA<ATZ analogs, determined by the alkyl substitutions on the amino groups.

It could be predicted that the log-P values decrease dramatically upon protonation (vertical arrows in Figure S2), while the pKa values increase with the mobile phase organic content (horizontal arrows in Figure S2). According to literature data [1, 2], the pKa of amino groups on heterocyclic N-aromatic rings increases with methanol content, but by a different degree, depending on the electron withdrawing effect of other ring substituents, such as Mer or OH. Therefore, we expected that the difference between the pKa (and subsequent SCX retention) of Mer and OH analogs would be greater at higher methanol content in the eluent (indicated by the size of the horizontal arrows in Figure S2). This property was exploited during the optimization of the pH/organic eluent gradient.  

S.3 Characterization of chromatographic behavior: Experimental data generated through a series of isocratic mobile phase conditions (Figure S3) confirmed our theoretical predictions. The SCX chromatographic behavior was tested with isocratic runs on a Luna SCX 5µm (30 mm × 4.6 mm) column, where the mobile phase pH was systematically adjusted through use of different %A/%B and constant %C eluent contents. We used charts of experimental capacity factors vs. mobile phase pH (Figure S3A) and of (retention time)/(peak width) values vs. mobile phase pH (Figure S3B) during the selection of the pH gradients.  Most importantly, these charts showed the %A/%B ratio where the Mer and OH analogs elute separately (Figure S3A) and give sharp peaks with greater column efficiency (retention time/peak width values in Figure S3B are at maximum). It was also clear that the OH derivatives eluted with much broader peaks from the SCX column at pH 4–7 than the Mer analogs. To produce sharp peaks for these OH derivatives, we had to increase the pH above 7 with addition of 0.1% ammonium hydroxide (solvent D).  

The RP chromatographic behavior of the ATZ metabolites was assessed on a Gemini C6-Phenyl RP 5µm (100 mm × 4.6 mm) column from the capacity factors vs. %methanol charts (Figure S3C).  As expected, the separation of the different N-desalkylated forms of Cl and Mer ATZ metabolitesATZ metabolites were much better on the RP column than on the SCX column.  However, DAA, DAA-Mer, DAA-OH, DIA-OH and DEA-OH had only very weak retention on the RP column.  

S.4 Optimization of the pH and methanol concentration gradients:  First the pH gradient on the SCX-t column was optimized.  According to the above experimental information in Figure S3B, the optimal %A/%B ratios of SCX elution was estimated 60/10 (pH 2.5) for DAA, DIA and DEA, 40/30 (pH 3.2) for ATZ, 30/40 (pH 3.7) for the Mer derivatives, and above 10/60 (above pH 5) for the OH derivatives.  Accordingly, the optimization started with a step gradient with four isocratic periods: 60/10, 40/30, 30/40 and 10/60 %A/%B ratios (column equilibration was with 70/0 ratio), producing pH of approximately 2.5, 3.2, 3.7, and 5, respectively. Between these periods, we included constant 1 min gradient time periods. With trial-and-error experiments we varied the duration of the isocratic periods to achieve the elution of the Cl, Mer and OH compounds in separate retention time intervals. 
After the optimal pH gradient was found, the organic content of the eluent was optimized for each isocratic periods.  While the %A/%B ratio was kept optimal (at optimal pH), the methanol content (%C) was gradually increased.  After each adjustment of the methanol content, two tests were performed, one with SCX-t column only, and another with the RP-a column placed after the SCX-t column. From the charts in Figure S3C, we were able to make educated predictions of RP retention times and selectivity, making this albeit tedious process faster.  Progressing from the first to last, both organic content and duration of each period was optimized. The final %A/%B/%C ratios were as follows: a 95/0/5 at 0 min, 70/10/20 at 1-4min, 40/30/30 for 5-6 min, 20/30/50 at 7-12 min, and 10/30/60 at 12.2-18 min.  

During the optimization, it was very useful to keep a chart of the pH and methanol contents flowing through each of the three columns (Figure S4). These charts were calculated based on the time tables for Pump I and II in entered into ChemStation (Figure S5).

The MS/MS chromatograms, collected on the SCX-t column by use of the final gradient (without analytical columns), are shown in Figure 4A (main text). The Cl and Mer derivatives eluted from 4 to 12 min, and the OH derivatives eluted between 12 and 18 min. Therefore, we programmed the switching valves to direct the SCX-t outlet flow toward the RP-a column from 0 to 12 min and then toward the SCX-a column from 12 to 18 min.

S.5 Optimization of the analytical RP separation by T-mixing: Under these conditions on the RP-a column, the resolution among ATZ, DEA, DIA, and DAA was sufficient, but the separation of ATZ-Mer, DEA-Mer, DIA-Mer, and DAA-Mer was minimal. T-mixing of 0.5% formic acid/water (with 0.2 mL/min) into the SCX-t outlet flow (with 0.5 mL/min) before the front end of the PR-a column significantly improved the separation of the Mer derivatives—not only from each other, but also from interferences. We were able to determine the optimal mixing ratio by a few trial-and-error experiments.  The MS/MS chromatogram with optimized 2D LC-MS/MS conditions is shown in Figure 4B (main text).
S.6 Optimization of the analytical SCX separation: While the Cl and Mer derivatives were separated on the RP-a column, the OH derivatives were transferred from the SCX-t column to another SCX analytical column (SCX-a) (Figure 3 main text). We adjusted the pumps’ flow rates such that these two processes completed concurrently during the same time period (12–18 min, Figure 2 main text).  

The separation of OH derivatives on the SCX-a column occurred from 18 to 27 min. The reason for using a second SCX column was that OH derivatives (especially DAA-OH) were minimally retained on the RP column (Figure S3C). Furthermore, DAA-OH, having the lowest molecular weight (128 m/z) and the least unique MS/MS fragment ions, was the most challenging analyte to detect in a selective manner. An interference with a signal 100 times greater than the DAA-OH signal appeared in every human urine sample we analyzed. On the basis of its MS/MS breakup pattern, we speculate that this interference is a triazine compound with similar elemental composition to DAA-OH. This interference could not be separated by RP HPLC or by changing the MS/MS settings. However, using a SCX column (100 mm × 4.5 mm, 5 µm) and a 60–100% gradient increase of 0.1% ammonium hydroxide in methanol (%D) in the eluent, we achieved adequate resolution of DAA-OH from this interference (Figure 4B main text). 

S.7 Additional features of the 2D-HPLC system:  The system also included two divert valves, one after the SCX-t SPE column and another before the MS/MS inlet (Figure 2 main text). By use of the first divert valve, the flow from the SCX-t column went to waste for 1.5 min, then into the RP-a column for the rest of the run. Using the second divert valve, we let the RP-a outlet flow to waste until 3.5 min, then turned the flow toward the MS inlet. Under these experimental settings, the urine breakthrough went to waste both after the SCX-t column and after the RP-a column up until the elution of the first compound DAA.  

Another notable feature of our system is the backward flow plumbing of Valve I (Figure 2 main text). With this setup, the eluent from Pump II (at 0–12 min) and Pump I (at 12–18 min) flowed through the SCX-t column in opposite directions. The main advantage of this setting was the shortening of the elution time of the most strongly retained analyte, ATZ-OH (highest pKa); therefore, the total run time shortened as well. In addition, the peak-width narrowed for all OH-ATZ metabolitesATZ metabolites, thus improving signal-to-noise ratio.  
Figure S1
. Analyte-specific effect of the mobile phase composition on MS/MS signal intensity using fractional factorial experimental design.  Parameter effect contrasts expressed in percent of maximum signal intensity found for each analyte.  
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Figure S2.   Theoretical octanol-water partitioning (log-P) versus analyte pKa plot.  pKa values predict separation by a cation exchange mechanism.  Log-P values predict resolution of chromatographic separations based on hydrophobic (or polar) interactions by phase partitioning.  Vertical arrows predict the change in log-p by amino group protonation, while horizontal arrows predict changes in pKa with 50% methanol in the mobile phase compared to 100% aqueous solvent.
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Figure S3.  Chromatographyic behavior of atrazine and its derivatives.  A) Capacity factors (log scale) vs. eluent pH and B) (Retention time)/(Peak width) vs. mobile phase composition on the on the Luna 5µm 30 mm × 4.6 mm column.  Mobile phase pH was adjusted using different A/B ratios and constant 30% C contents; solvent A: 0.5% formic acid, solvent B: 20 mM ammonium acetate, and solvent C: 100% methanol. C) Capacity factor measured on the RP-a column as a function of methanol content at pH 3.5. 
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Figure S4.  Measured pH and calculated %methanol of the mobile phases used on the SCX-t, RP-a, and SCX-a columns.  Blue lines show eluent flow from Pump I and red lines show eluent flow from Pump 2.   Vertical lines indicate valve switching times at 12, 18, and 27 min. Intervals shaded with grey indicate that the column is regenerated or equilibrated. 
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Figure S5.  Final solvent gradients in the Agilent Chemstation software.

Pump I time table:
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Pump II time table:
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