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Abstract

:

Chromatograms with overlapping peaks and a baseline rise or upset constitute a great challenge for analysts. Such a case regarding the analysis of bupropion hydrochloride and its 5 impurities in a tablet formulation was used as a model. A baseline correction technique for liquid chromatography coupled with diode array detection is described by using Rstudio. The asymmetry least squares (ALS) algorithm was used as implemented in the “baseline” package, with parameters lambda and p set to 4 and 0.05, respectively. Peak deconvolution and subsequent integration and area quantification were accomplished through Fytik software. Chromatographic data from the validation procedure were utilized to demonstrate the feasibility of the suggested method and whether this correction affects the outcome of the validation study. Finally, a robustness study was carried out in order to shed light on the factors that have a more significant influence on the baseline correction, showing the reliability of this procedure through random changes in its parameters.
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1. Introduction


The goal of each analytical technique is to obtain signals, which are carriers of meaningful information about an analyte during measurement. On the other hand, noise is the sum of unwanted information since it degrades the accuracy and precision of the measurement. In the vast majority of analytical techniques, such as chromatography, nuclear magnetic resonance (NMR), infrared spectroscopy, etc., the existence of baseline drift and random noise may strongly affect the analytical result, especially when overlapping the peak of interest. Moreover, in liquid and gas chromatography, the automatic integration of chromatographic peaks is recommended, since it is non-biased and fast. However, many chromatograms suffer from overlapping peaks due to analyte coelution and peaks on baseline rise or near a baseline upset. In these cases, automatic integration may be considered complicated, and the analyst’s intervention is deemed necessary. When applying manual integration, the analyst sets the start and end of the chromatographic peak but quite often is proved ineffective and inaccurate, since it is based on an analyst’s experience. In addition, it is a tedious procedure and of limited reproducibility [1].



A baseline drift appeared in our previous work [2], namely the development of an HPLC method, based on chaotropic chromatography, for the efficient separation and reliable quantitation of bupropion hydrochloride (BUP) and its five impurities (Imp.) in the presence of excipients, implementing the analytical quality by design principles. To be more specific, the fluctuation of the overall background was caused by the choice of gradient elution for our method, since the neutral character of Imp. 5 (3-chloropropiophenone) kept its elution unaffected by the influence of chaotropic salt or the pH adjustment in the mobile phase. The only choice was the continuous increase of acetonitrile’s content via the selected gradient program. A relevant chromatogram depicting a standard solution containing all impurities at the specification limit (SL) is presented in Figure 1. It is clear from the chromatogram that the peak of Imp. 4-(1-(3-chlorophnenyl)-1-hydroxy-2-propanone) was eluted on a steep baseline rise, comprising a challenge during the validation procedure, since manual integration was implemented. Similarly, Imp. 5 eluted on the baseline rise but on a smoother fragment, allowing for automatic integration in the majority of the validation’s chromatograms, except for the low concentration levels. The validation protocol was performed successfully according to international guidelines.



However, a procedure that will enable the automated integration of the chromatographic peaks, overcoming any baseline issues, in a reliable way would be desirable. Several methods have been proposed for eliminating the complex background, such as polynomial fitting [3], wavelet transform [4], asymmetric least squares [1,5,6], iterative averaging [7], iterative polynomial fitting [3] and a combination of these methods [8].



All the aforementioned methodologies have been reviewed so far; however, they suffer from the fact that they need a cheminformatic background in order to be successfully implemented, which is demanding for the practicing analyst, as well as time-consuming. This paper focuses on describing a simple step-by-step approach for the elimination of the chromatographic background, using freely available software and based on the chromatographic data of our previous study. The procedure, as well as the corresponding code, were based on the study reported by Dagla et al. [9]. Finally, a robustness analysis was carried out, created using design of experiments theory, in order to figure out which factors may potentially affect the procedure.




2. Materials and Methods


2.1. Dataset


The dataset consisted of 24 HPLC chromatograms obtained from the validation procedure of the method for the quantitation of bupropion hydrochloride and its 5 impurities [2], literally 15 from method linearity and 9 from accuracy evaluation. For the robustness analysis, 6 chromatograms of the linearity test were utilized, 3 at the limit of quantitation (LOQ) level and 3 at SL. Each chromatogram comprised 3741 points, each point reflecting the intensity (mV) in specific time (min). The aforementioned chromatograms, obtained at 250 nm, have been recorded by a chromatographic system, VWR Hitachi Chromaster (Tokyo, Japan), consisting of an HPLC pump with an on-line degasser, a column oven, an autosampler and a photo-diode array detector, controlled by the Clarity VA v.15.9.0 chromatographic software package from DataApex (Prague, Czech Republic).




2.2. Software


Baseline correction was performed in RStudio [10], employing the “baseline” package. In particular, it comprises a baseline correction algorithm, aiming to remove, with various correction methods, the fluctuation of background effects that originated from spectrometry graphs. Moreover, gWidgets2 and gWidgets2tcltk packages were also installed; they provide the programming interface for making graphical user interfaces with the R language.



Fityk (version 1.3.1) [11] was employed for peak fitting and deconvolution after the baseline correction.



Finally, the experimental plan and data analysis for the robustness testing were performed using Design-Expert® 13 trial version (Stat-Ease Inc., Minneapolis, MN, USA).





3. Results and Discussion


3.1. Baseline Correction


The procedure is schematically illustrated in Figure 2. The data from each chromatogram were exported from Clarity VA as CSV files, where the intensities (mV) in different times (min) were depicted in two vertical rows. To keep it simpler, the focus was on the timespan when Imps. 4 and 5 are eluted (Figure 1), since the automatic integration of Imps. 1–3 and BUP proceeded smoothly. Therefore, each CSV file was cropped and finally contained the intensities for the time period 17–19 min, i.e., 301 points for each chromatogram. Before each CSV file was imported to RStudio, the two rows were transposed, and any title description was deleted. Accordingly, the file was imported into RSstudio as a matrix, and the delimiter “semicolon” was selected. Following the typing of the commands in software, the original and the baseline-corrected chromatograms were graphically presented in the graphical user interface (GUI). The baseline package offers a collection of baseline correction algorithms, each with different parameters for further optimization. The basic criterion for choosing the appropriate correction method in our case was a visual inspection of the peaks of interest and the degree of fitting to a Gaussian curve. In that case, the asymmetric least squares (ALS) algorithm was applied, with a value of 4 for the smoothing parameter (lambda) and 0.05 for residual weighting (p) (Figure 3). After the correction of the baseline, a new CSV file with the modified chromatograms was obtained, and peak fitting was performed, as described below. The commands for the baseline correction are presented in Table S1 in the Supplementary Material.




3.2. Peak Fitting and Integration


The baseline corrected CSV files of each chromatogram were transferred from RStudio to Fityk software for further processing. Fityk is a program for the nonlinear fitting of analytical functions, which enables the extraction of the area of the peaks of interest. In detail, each CSV file was imported to the software, and the chromatogram could be viewed at the main plot of the GUI. After selecting “gaussian” from the list of functions and choosing “auto-add”, the peaks of interest were bolded, as depicted in Figure 4. In addition, the selection of “star fitting” enables the accomplishment of the minimization of the error between the experimental data and the fitted curve. Critical information about the integrated peaks are presented in the GUI sidebar, such as the areas, which were collected and submitted to further processing, in order to figure out if the validation characteristics, i.e., linearity and accuracy, were fullfiled.




3.3. Method Validation


The data obtained from Fityk (peak areas of interest) were further processed, and the validation results are presented in Table 1. For both impurities, the calibration curve, calculated with regression analysis, exhibited excellent linearity. Concerning the accuracy of the method, the recovery values were found to be within the acceptance criteria (recovery values: 90.0–110.0% for Imp 4, with a specification limit ≥ 1.0%, and 70.0–130.0% for Imp. 5, with 0.1% ≤ specification limit < 0.5%) [12].



Table 1 also illustrates a comparison of the validation data obtained with the aforementioned procedure to those obtained by the previous chromatographic software treatment, either with manual or automatic integration. It can be concluded that the baseline correction procedure produces data within the acceptance limits in terms of %Recovery and %RSD. Thus, it does not affect the validation itself and is considered reliable. Regarding the slope and intercept of the calibration curve, the differences observed resulted from the scale differences of the areas, as provided by Fityk.




3.4. Robustness Testing


The initial trials for the baseline correction aimed to discover the best parameters, so as to achieve the proper integration through Fityk. The ALS algorithm proved to be the most suitable for our data process, but the choice of the parameters was a further point of concern. Our aim was to determine the same parameters for all of our chromatograms, ensuring non-biased integration for all. Despite the fact that many peaks, especially in low concentrations, could not be defined as symmetrical with the defined parameters, and the subsequent Fityk process transformed them to Gaussian-shaped peaks. Moreover, the choice of the time range of the chromatogram for baseline correction seemed to affect the integration procedure. Our concern was the robustness of this procedure, i.e., if and to what extent variable factors could influence the outcome.



Therefore, a robustness study was carried out, assisted by the design of experiments (DoE) theory, aiming to highlight the factors with the highest influence on the baseline correction procedure. This was achieved via a fractional design (FD) with 2k factorial runs, where k is the number of factors. The selected factors (lambda and p parameters and the time range) were assessed at two levels (−1, +1), symmetrical to their nominal values, namely those that implemented baseline correction. Concerning the time range, the low level (−1) included the chromatogram’s intensities at 17.1–18.6 min (1.5 min), the nominal value (0) at 17–19 min (2 min), and the high level (+1) at 16.7–19.2 min (2.5 min) comprising a set of 8 experiments plus 3 additional runs of nominal conditions, totaling 11 experiments. Chromatograms from the linearity assessment at LOQ level and SL were utilized for this testing. The plan of the experiments and the experimental responses, as well as the levels of the aforementioned factors, are presented in Table 2. Regarding the determined responses, areas for both impurities at two concentration levels were defined: at LOQ and at SL level. Therefore, 4 responses were studied in order to discover whether the slight variation in these factors could have a different impact on small peaks (LOQ level) compared to normal peaks (SL level).



The statistical significance of factors effects on the responses was further assessed through the graphical interpretation of the experimental results. Both half-normal probability plots and Pareto charts [13,14,15] revealed the significant effects for each response and as presented in Figure 5 for AIMP5_LOQ and AIMP4_SL. Factor A (lamda parameter) proved to have a significant effect in all responses, while Factor B (p parameter) was found to be significant in the 3 out of 4 responses, with the exception of AIMP4_LOQ. The outcome regarding these 2 factors was somehow expected, as these parameters constitute the ‘nucleus’ of the procedure and are considered crucial for its performance. Therefore, many trials in various areas should be conducted prior to their application in order to select the most suitable values, and these values should be strictly kept throughout the assay. For contrast, as literature survey revealed, in the single study implementing ALS for baseline correction on chromatographic data [5], the ALS algorithm was affected only by factor p. Concerning factor C (time range), the results show that it had no impact on any response.





4. Conclusions


In this study, we propose a step-by-step methodology for baseline correction and peak integration. The description of all sequential steps and the implementation of freely available software renders it an applicable method for any analyst facing baseline irregularities in his/her chromatographic data. Meanwhile, the selected strategy was validated with experimental liquid chromatographic data retrieved from our previous work. Comparing the two datasets of validation results of the two studies, the proposed method proved to be valid and reliable. However, the proposed methodology enables the automated integration of the chromatographic peaks and thus has an advantage over the classical procedure with manual integration for such cases. Finally, the method was tested for its robustness via a factorial experimental design concerning the selection of the time range of the chromatogram at the pre-processing stage and the parameters of ALS algorithm. Lambda and p parameters were found to be crucial for the total amount of the examined data, whereas time range did not affect the integration of peaks regardless of the concentration.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/analytica4010005/s1, Table S1: Steps for utilization of RStudio software for baseline correction.
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Figure 1. Chromatogram corresponding to a standard solution containing 400 μg/mL BUP spiked with all impurities at their specification limits. The red arrow depicts the chromatographic area and the related impurities with their structures of the process described herein. 
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Figure 2. Schematic presentation of the procedure of baseline correction. 
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Figure 3. Original chromatogram and baseline corrected chromatogram after applying the ALS algorithm from the “baseline” package in RStudio. 
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Figure 4. A screenshot of Fityk GUI. The main plot shows experimental data (green dots), the baseline (red), and the fitted model (yellow). At sidebar, peak information for the selected peak are apparent. 
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Figure 5. Pareto chart and half-normal plot for AIMP5_LOQ (left) and AIMP4_SL (right), respectively. 






Figure 5. Pareto chart and half-normal plot for AIMP5_LOQ (left) and AIMP4_SL (right), respectively.



[image: Analytica 04 00005 g005]







[image: Table] 





Table 1. Validation parameters: linearity and accuracy through baseline correction and integration through chromatographic software.
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Compound

	

	
Linearity

	
Accuracy (Precision)




	
Method

	
Concentration Range (μg/mL)

	
a

	
b

	
r

	
Concentration Level (μg/mL)

	
% Recovery (% RSD) *






	
Imp. 4

	
Manualintegration

	
1.8–12

	
0.847

	
−0.458

	
0.9967

	
1.8 (LOQ)

9.0 (100%)

12 (120%)

	
99.7 (2.4)

102.1 (1.5)

99.3 (4.6)




	
Baselinecorrection

	
0.0132

	
0.0131

	
0.9968

	
1.8 (LOQ)

9.0 (100%)

12 (120%)

	
91.7 (5.4)

107.4 (1.8)

93.4 (0.6)




	
Imp. 5

	
Automaticintegration

	
0.2–0.8

	
10.511

	
−0.0792

	
0.9993

	
0.2 (LOQ)

0.4 (100%)

0.8 (120%)

	
102.8 (2.9)

103.4 (0.1)

103.3 (2.4)




	
Baselinecorrection

	
0.1701

	
−0.0025

	
0.9938

	
0.2 (LOQ)

0.4 (100%)

0.8 (120%)

	
85.5 (1.8)

101.6 (0.9)

103.5 (103.5)








a, slope; b, intercept; r, correlation coefficient (acceptance value > 0.99 for active ingredients, >0.98 for related compounds). * %RSD values for the respective concentration levels in parentheses.
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Table 2. Experimental plan proposed by the software and the obtained results for the selected responses.
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Run

	
Factors

	
Responses




	
A

	
B

	
C (Min)

	
AIMP4_LOQ

	
AIMP5_LOQ

	
AIMP4_SL

	
AIMP5_SL






	
1

	
4

	
0.05

	
2

	
0.0367

	
0.0323

	
0.1352

	
0.0941




	
2

	
4

	
0.05

	
2

	
0.0367

	
0.0323

	
0.1352

	
0.0941




	
3

	
3

	
0.06

	
1.5

	
0.0210

	
0.0226

	
0.1078

	
0.0632




	
4

	
5

	
0.04

	
1.5

	
0.0594

	
0.0372

	
0.1710

	
0.1016




	
5

	
5

	
0.06

	
1.5

	
0.0504

	
0.0355

	
0.1620

	
0.1002




	
6

	
3

	
0.04

	
2.5

	
0.0239

	
0.0264

	
0.1125

	
0.0702




	
7

	
5

	
0.06

	
2.5

	
0.1126

	
0.0356

	
0.1716

	
0.0999




	
8

	
3

	
0.06

	
2.5

	
0.0210

	
0.0226

	
0.1079

	
0.0631




	
9

	
3

	
0.04

	
1.5

	
0.0230

	
0.0264

	
0.1125

	
0.0702




	
10

	
4

	
0.05

	
2

	
0.0367

	
0.0323

	
0.1352

	
0.0941




	
11

	
5

	
0.04

	
2.5

	
0.1650

	
0.0387

	
0.17563

	
0.1014








A, lamda parameter; B, p parameter; C, time range AIMP4_LOQ, Area of LOQ sample for Imp 4; AIMP5_LOQ, Area of LOQ sample for Imp 5; AIMP4_SL, Area of SL sample for Imp 4; AIMP5_SL, Area of SL sample for Imp 5.
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