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Differences in elution strength between the sample solvent and the mobile phase usually give rise to undesirable effects on the chromatographic separation, which may range from slight broadening to severe peak deformation or even splitting. In the most extreme case, the retention factor of the analyte at the head of the column is so small at the time of injection that part of the analyte goes through the column with very little interaction with the stationary phase and hence elutes very close to the column dead time. This phenomenon is known as breakthrough. Usually, during breakthrough, the retained peak displays a wide array of deformations and it is not rare that multiple retained peaks appear for a given injected analyte. However, under certain conditions, it has been demonstrated that these deleterious effects could fully disappear, leaving only one breakthrough peak and one symmetrical peak on the chromatogram. This so-called "total breakthrough" phenomenon was recently highlighted in the specific context of the 2D-LC separation of peptides but has yet to be explained. In the present paper, we describe the results of a comprehensive study aiming to better understand and define the conditions of emergence of both breakthrough and total breakthrough phenomena in liquid chromatography. The effects of a broad range of parameters, including the nature of the solute, the retention mechanism, the injection and elution conditions, the column temperature, and the injected sample concentration on the occurrence of both phenomena were investigated. While breakthrough was found to occur for all studied compounds, it appears that the presence of positive charges on the molecule is a prerequisite for observing a total breakthrough phenomenon. Among all the parameters investigated in this work, only the injection conditions and the analyte retention were found to be impactful on the onset of both phenomena. This finding allowed us to suggest one necessary and sufficient condition, relying on the injection of critical volumes to observe each respective

Introduction

In the quest for ever more sensitive, ever faster separations, and ever higher separation power, comprehensive two-dimensional liquid chromatography (LC x LC) has acquired a place of choice among separation methods [START_REF] Stoll | Two-Dimensional Liquid Chromatography: A State of the Art Tutorial[END_REF][START_REF] Pirok | Optimizing separations in online comprehensive two-dimensional liquid chromatography[END_REF][START_REF] Pirok | Recent Developments in Two-Dimensional Liquid Chromatography: Fundamental Improvements for Practical Applications[END_REF]. One of the most limiting problems in LC x LC is related to injection in the second dimension [START_REF] Česla | Fraction transfer process in on-line comprehensive two-dimensional liquid-phase separations[END_REF][START_REF] Chen | Advance in on-line two-dimensional liquid chromatography modulation technology[END_REF]. The injection solvent is often much stronger than the mobile phase while the injection volume is usually much larger than the one in one-dimensional liquid chromatography (1D-LC). This can result in very bad peak shapes including peak broadening, peak distortion, and peak splitting, but also, in some cases, in the occurrence of a breakthrough phenomenon. This phenomenon occurs for a given compound when the injected volume is so large that part of the molecules elute with the solvent peak while the other part leaves the injection solvent and leads to a retained peak with a long fronting tail. In addition to the retained peak, a breakthrough peak is thus eluted close to the column dead time (sometimes just before, depending on whether there is size exclusion or ionic repulsion). . The combination of hydrophilic interaction liquid chromatography (HILIC) with reversed-phase liquid chromatography (RPLC) gives a typical example of this situation where the first dimension mobile phase, and thus the injection solvent in the second dimension is very strong compared to the second dimension mobile phase [START_REF] Vanhoenacker | Comprehensive twodimensional liquid chromatography of therapeutic monoclonal antibody digests[END_REF][START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF][START_REF] D'attoma | On-line comprehensive two dimensional separations of charged compounds using reversed-phase high performance liquid chromatography and hydrophilic interaction chromatography. Part II: Application to the separation of peptides[END_REF][START_REF] Sommella | Development of an improved online comprehensive hydrophilic interaction chromatography × reversed-phase ultra-high-pressure liquid chromatography platform for complex multiclass polyphenolic sample analysis[END_REF][START_REF] Cao | Online comprehensive two-dimensional hydrophilic interaction chromatography×reversed-phase liquid chromatography coupled with hybrid linear ion trap Orbitrap mass spectrometry for the analysis of phenolic acids in Salvia miltiorrhiza[END_REF][START_REF] Stoll | Development of Comprehensive Online Two-Dimensional Liquid Chromatography/Mass Spectrometry Using Hydrophilic Interaction and Reversed-Phase Separations for Rapid and Deep Profiling of Therapeutic Antibodies[END_REF][START_REF] Toro-Uribe | Characterization of secondary metabolites from green cocoa beans using focusing-modulated comprehensive twodimensional liquid chromatography coupled to tandem mass spectrometry[END_REF][START_REF] Li | Comprehensive hydrophilic interaction and ionpair reversed-phase liquid chromatography for analysis of di-to deca-oligonucleotides[END_REF]. However, such a situation can also be encountered in 1D-LC, either in RPLC with compounds poorly soluble in water-rich solvents or in HILIC with compounds poorly soluble in acetonitrile-rich solvents. The phenomenon of breakthrough has been known for a long time [START_REF] Jandera | Effect of the sample solvent on band profiles in preparative liquid chromatography using non-aqueous reversed-phase high-performance liquid chromatography[END_REF][START_REF] Jiang | Breakthrough of polymers in interactive liquid chromatography[END_REF]. It was recently investigated in reversed phase liquid chromatography (RPLC) for neutral species [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF]. An excellent agreement was obtained between simulated and experimental separations . In particular, the peak distortion which occupied the whole retention space between the breakthrough peak and the retained peak could be well simulated [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF]. It was also theoretically demonstrated that breakthrough occurred above a critical injection volume, Vcrit,B, which can be related to the column dead volume, V0, by the following simple relationship:

, = × (1) 
Where ks is the retention factor of the analyte in the injection solvent.

We recently pointed out a new phenomenon [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF] which relies on the finding that, injecting a large enough sample volume in RPLC resulted not only in a breakthrough peak but also yielded a symmetrical retained peak (no peak distortion, no fronting tail). We called this phenomenon "total breakthrough" in reference to the complete disappearance of the molecules between the breakthrough peak and the retained peak above a critical injection volume, Vcrit,TB, of course, larger than Vcrit,B. This phenomenon was shown to be highly repeatable. The retained peak areas were found to vary linearly with the injected amount, provided that total breakthrough conditions were established, which suggests that quantitative analysis is possible under these conditions. In a more recent study, total breakthrough conditions were compared to more traditional approaches used in HILIC x RPLC for maximizing peak capacity including post-1 D-flow splitting and on-line solvent dilution. It was shown that total breakthrough conditions were the only approach that allowed to have symmetrical peaks over the whole 2D-separation space [START_REF] Chapel | Comparison of existing strategies for keeping symmetrical peaks in on-line Hydrophilic Interaction Liquid Chromatography x Reversed-Phase Liquid Chromatography despite solvent strength mismatch[END_REF].

In these two reported studies [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF][START_REF] Chapel | Comparison of existing strategies for keeping symmetrical peaks in on-line Hydrophilic Interaction Liquid Chromatography x Reversed-Phase Liquid Chromatography despite solvent strength mismatch[END_REF], the phenomenon of total breakthrough was presented as part of the separation of peptides in RPLC at acidic pH. We have never encountered such a phenomenon before, nor we are aware of any reports about it. In the present study, our objective was therefore to know precisely which separation conditions in liquid chromatography and which compounds can lead to this phenomenon. We were also interested in the critical volume (Vcrit,TB) above which the phenomenon of total breakthrough appears. Finally, we found it interesting to test and validate Eq.1 on experimental results.

Experimental section

Chemicals

Deionized water was produced using an Elga Purelab Classic UV purification system from Veolia water STI (Décine-Charpieu, France). LC-MS grade acetonitrile (ACN), clozapine, protriptyline, imipramine, amitriptyline, nadolol, propranolol, diphenhydramine, N,N-dimethylaniline, and salicylic acid were purchased from Sigma-Aldrich (Steinheim, Germany). Analytical reagent grade ammonium acetate (AA) and LC-MS grade formic acid (FA) were purchased from Fischer scientific (Illkirch, France). Influenza hemagglutinin (HA), leucine encephalin, bombesin, [arg8]-Vasopressin, [ile]angiotensin, bradykinin fragment 1-5, substance P, and bradykinin were obtained from Merck (Molsheim, France). WDDHH was custom synthesized (Genecust, Luxembourg). The physical properties of all the compounds studied are listed in Table 1.

Sample preparation

For small molecular weight (MW) compounds (MW < 350 Da), stock solutions of each analyte were prepared at a concentration of 200 mg/L in ACN/water (50:50 v/v) for clozapine, protriptyline, imipramine, amitriptyline, diphenhydramine, and salicylic acid or 1000 mg/L (0:100 v/v) for nadolol and N,N-dimethylaniline. For peptides, the stock solutions of each compound were prepared in pure water at 500 mg/L for influenza hemagglutinin, bombesin, [arg8]-vasopressin, [ile]-angiotensin, and substance P, 1000 mg/L for bradykinin, 1500 mg/L for WDDHH, 2500 for bradykinin fragment 1-5, and 5000 mg/L for leucine enkephalin. Most injected samples were prepared individually by appropriate dilution of each stock solution with water and acetonitrile. The final concentration was 50 mg/L for leucine encephalin and 0.5 mg/L for the small MW basic compounds unless stated otherwise. For Fig. S1, the injected samples were prepared by combining stock solutions of all small MW basic compounds (Fig. S1a) or all peptides (Fig. S1b) before adding an appropriate volume of acetonitrile. The final concentrations in these mixtures were 16 mg/L (peptides) and 1 mg/L (small MW basic compounds). The sample solvent composition of each prepared sample is indicated in the figure captions. 

Instrumentation and columns

Chromatographic

Chromatographic and detection conditions

For the RPLC experiments, unless otherwise stated, the column temperature was set at 80°C, the flow rate was 1.5 mL/min, and gradient elution was used with 0.1% formic acid in water as solvent A (pH 2.7) and 0.1% formic acid in ACN as solvent B. The solvent gradient was: 1-45-1-1% B in 0-0.54-0.59-1 min (corresponding to a normalized gradient slope of about 4%). As part of this study, the following elution conditions were varied to assess their impact on the separations: the composition of ACN at initial conditions (1, 5 or 10% B), the normalized gradient slope (1, 4, 8 or 12%), the duration of the isocratic hold at the beginning of the gradient (0, 0.13, 0.27 or 0.53 min), the flow rate (0.75 or 1.5 mL/min), and the temperature (30 or 80°C). These specific elution conditions are indicated in the figure captions. Depending on the conditions, the injected volumes varied from 0.35 µL to 72 µL (corresponding to about 0.5% V0 to 99% V0).

In isocratic elution, the flow rate was 0.5 mL/min and the mobile phase composition was 0.1% formic acid in water/0.1% formic acid in ACN 90:10 (v/v).

At neutral pH, the column temperature was 30°C, the flow rate was 0.75 mL/min, the mobile phase consisted of 10 mM ammonium acetate in water as solvent A (pH 6.8) and ACN as solvent B, and the solvent gradient was: 1-55-1-1% B in 0-1.33-1.43-3 min.

In HILIC, the column temperature was 30°C, the flow rate was 0. 

Calculations

The gradient profile at the column outlet is shown in the different figures (dotted lines with Y-scale on the right). It is related to the composition of the mobile phase at analyte elution, calculated according to the following relationship:

= + ( ) ( -" -) (2) 
Where Cinitial and Cfinal are the initial and final compositions of eluting solvent in the mobile phase, tr is the retention time, tD is the total dwell time, and t0 is the column dead time.

The normalized gradient slope is the product of the gradient slope and the column dead time:

# = ∆ × (3) 
Where ΔC and tG are the gradient composition range and the gradient time, respectively.

The intercept, log(kw), and the slope, Slog, of the relationship between the logarithm of the retention factor and the volume fraction of the strong solvent were calculated from two gradient runs using OSIRIS software (V 4.2, Euradif, Grenoble, France) with an Acquity CSH C18 (150 x 2.1 mm, 1.7 µm) column at 80°C (A: water + 0.1% FA, B: ACN + 0.1% FA; 1% B to 41% B in 10 min and 30 min; 0.7mL/min). The values are given in Table 1.

Results and discussion

Determination of the compounds involved by total breakthrough

As stated above, total breakthrough (TB) has been defined in circumstances where there are two distinct peaks for a given solute, the first one non-retained (breakthrough peak) and the second one, retained and quite symmetrical [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF]. Thus, the conditions required, for a given compound, to recognize a total breakthrough situation are: (i) the presence of a breakthrough peak, (ii) the presence of a retained peak, which should be quite symmetrical, (iii) the absence of compound molecules detected between the breakthrough peak and the retained peak (i.e. no middle peak and no peak fronting should be observed).

It was found for peptides that TB occurred when the injection volume was higher than a critical one.

For smaller volumes, between the critical breakthrough volume (Vcrit,B) and the critical TB volume (Vcrit,TB), a transition step was pointed out, in which breakthrough occurred while the retained peak was distorted and sometimes split. It should be noted that we were not interested in this study by a possible deformation of the breakthrough peak but by the deformation of the retained peaks and furthermore by the absence of deformation of the retained peaks beyond a given injection volume, which is a completely counterintuitive situation that hasnever been reported before. In this section, the phenomenon of breakthrough is studied for different solutes (neutral, acid, basic, peptides) in different chromatographic conditions including RPLC at acidic pH, RPLC at neutral pH, and HILIC, with the objective of identifying the conditions required for the emergence of total breakthrough.

In RPLC at acidic pH

The occurrence of breakthrough and sometimes total breakthrough in RPLC at acidic pH is highlighted in Fig. 1. Various volumes were injected for four different compounds. These include caffeine (neutral at this pH), leucine enkephalin (multi-charged compound with pI = 6.0), propranolol (weak base with pKa = 9.4), and salicylic acid (weak acid with pKa = 3.0). Their separations were obtained in RPLC under acidic conditions (pH 2.8). The injection solvent strength was rather high (50:50 water/ACN), thus leading to a significant difference between the injection solvent and the composition of the mobile phase at peak elution (of the order of 35% ACN). In these acidic conditions, both leucine enkephalin and propranolol were expected to be mainly positively charged, whereas salicylic acid was expected to be mainly in its acid form (uncharged). The same gradient conditions were applied to all solutes. The ratio of the injection volume to the column dead volume (Vi/V0) was increased (from the top of Fig. 1 to the bottom) in order to study its impact on the separation. The dotted lines represent the evolution of the composition at elution with the analysis time As can be observed, when the injection volume is low enough (i.e. Vi/V0 = 1% here), there is only one retained peak, nearly symmetrical whatever the solute. As the injected volume increases (2 nd row of chromatograms), the peaks of caffeine (Fig. 1a) and salicylic acid (Fig. 1d) are broadened and even distorted, while those of leucine enkephalin (Fig. 1b) and propranolol (Fig. 1c) are split, resulting in the latter case in the appearance of a second peak with smaller retention.

For large enough injection volumes, a breakthrough peak (marked with an asterisk) appears for all solutes. As can be observed in Fig. 1, Vcrit,B was between 5% and 10% V0 for caffeine, 3% and 4.8% V0

for both leucine enkephalin and propranolol, and larger than 50% V0 for salicylic acid. In the case of caffeine and salicylic acid, the breakthrough peak and the retained peak are always connected by a bridge of molecules, even well beyond Vcrit,B. Furthermore, from the moment the retained peak starts to broaden, peak distortion consistently increases as the injection volume increases. Unlike these two compounds for which TB could therefore not be attained whatever the volume injected (up to 140% V0 in this study), TB can be observed for both leucine enkephalin and propranolol (bottom chromatogram in Fig. 1b and Fig. 1c, respectively). For both compounds, Vcrit,TB was between 4.8% and 6.2% V0, hence slightly larger than Vcrit,B. It is important to note that, between Vcrit,B and Vcrit,TB, three distinct peaks are present on the chromatogram. In the rest of this study, we will refer to each of these three peaks as "breakthrough peak", "middle peak" and "retained peak", respectively.

The fact that the trend for leucine enkephalin and propranolol was exactly the same can be related to the similarity of their retention model coefficients (kw and Slog given in Table 1), thereby leading to very close retention times. Since the main difference between these two compounds is their size, this suggests that this phenomenon is independent of diffusion. Similar results were obtained with different peptides and different weak bases exhibiting various retention times (various coefficients as shown in Table 1) under the same chromatographic conditions. The resulting separations of these compounds are shown in Fig. S1. In all cases, the retained peak was narrow and rather symmetrical as long as the injected volume was above a specific Vcrit,TB value. It should be pointed out that similar results were also obtained on a BEH C18 column, as highlighted in Fig. S2.

From these preliminary results, two important conclusions can be drawn: (i) under acidic conditions, while breakthrough can be achieved with any compound as long as it exceeds the critical volume (Vcrit,B), total breakthrough appears to be achievable only with positively charged compounds such as peptides or weak bases, (ii) the advantages of TB conditions, in terms of peak shape, previously highlighted for peptides [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF] should apply to weak bases as well.

All the above-discussed results were obtained in gradient elution. It is interesting to note that the trend was somewhat different in isocratic elution. As exemplified for leucine enkephalin in RPLC at acidic pH (Fig. 2), the shape of the retained peak at an early stage of breakthrough (Vi/V0 = 3.4%) seems to be similar to the one obtained with neutral compounds in gradient elution (Figs. 1a and1d), with a continuous bridge of molecules between the breakthrough and the retained peaks.

However, unlike neutral compounds, the bridge height decreases almost down to the baseline above a critical injection volume (Vcrit,TB value of about 6.9% V0) which reminds a total breakthrough situation. However, unlike gradient elution, the retained peak is not quite symmetrical but exhibits low fronting regardless of the injection volume above Vcrit,TB.

In RPLC at neutral pH

The first question that naturally arises from the preceding results is whether or not the charge of the molecule plays a part in the occurrence of total breakthrough. To answer this question, we performed the same study as in Fig. 1, but under neutral conditions (pH 6.8). Propranolol (very strongly retained in such conditions) was replaced by N,N-dimethylaniline (pKa of 5.1). The main stages of the separation according to the injection volume, are shown in Fig. 3 for the peptide (Fig. 3a), the weak base (Fig. 3b), and the weak acid (Fig. 3c). The sample solvent consisted of a mixture of water/ACN (30:70 or 50:50, v/v). Under these pH conditions, N,N-dimethylaniline was expected to be mainly neutral, salicylic acid to be negatively charged, while the dominant form of leucine should be the zwitterion (N-terminus protonated, uncharged chain, and C-terminus deprotonated). As shown in Fig. 3a, the trend for leucine enkephalin at neutral pH is quite the same as at acidic pH (see Fig. 1b) despite the presence of as many negative charge as positive charge on the molecule. By increasing the injected volume, the separation goes through a single symmetrical peak (1% V0) to the occurrence of breakthrough (4.8% V0) and then total breakthrough (9.6% V0). A middle peak with intermediate retention is observed, without (3.9% V0) or with (4.8% V0) breakthrough. The same trend was also observed for more acidic peptides (lower pI) as well as for more basic peptides (higher pI) as exemplified in Fig. S3 for influenza hemagglutinin and bradykinin fragment 1-5, respectively. For N,N,dimethylaniline (Fig. 3b), the trend at neutral pH is similar to the one observed for any neutral compound regardless of pH [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF]. Vcrit,B is high and close to 77% V0. By further increasing the injected volume, the retained peak exhibits an increasing fronting, which persists even with very large injected volumes (> 99% V0). For salicylic acid (Fig. 3c), the trend is different.

The retained peak exhibits a fronting shoulder with injection volumes as low as 2.8% V0. By increasing the injection volume, a middle peak appears (3.4% V0) and then a breakthrough peak (Vcrit,B between 3.4% V0 and 4.8% V0). However, unlike positively charged compounds, a complete baseline resolution was never achieved between the breakthrough peak and the retained peak. Both remained connected by a continuous bridge of molecules, the height of which increased with the injected volume. In other words, total breakthrough was never observed for this negatively charged analyte.

To summarize, we only observed a total breakthrough phenomenon with positively charged compounds (here peptides and small pharmaceuticals). With neutral or anionic compounds, the shape of the retained peak got worse and worse as the injection volume increased. These results

suggest that only the presence of positive charges on the molecule leads to the occurrence of total breakthrough. In this specific case, an unexplained phenomenon appears during the injection process, which divides the molecules into different populations (two or three depending on whether there is a middle peak or not) that will travel through the column at different linear velocities during the separation process. The resulting separation and the resulting peak shapes cannot be accurately predicted with the previously developed approach [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF] which has been shown to work well with neutral compounds. The different behaviour between neutral/negatively charged and positively charged analytes is certainly difficult to explain. The first explanation that comes to mind is that this phenomenon is related to the mixed retention mechanism (on both alkyl chains and ionized silanols) that exists in RPLC with protonated compounds on silica-based columns. These two mechanisms have different kinetic interactions (fast for hydrophobic interaction while slow for electrostatic interaction) [START_REF] Mccalley | Effect of temperature and flow-rate on analysis of basic compounds in highperformance liquid chromatography using a reversed-phase column[END_REF], which might support the existence of different populations. However, solute retention is a thermodynamic process that makes the solutes continuously adsorbing and desorbing during their travel through the column. Furthermore, against an explanation based on a mixed retention mechanism, total breakthrough was observed for positively charged compounds at low pH (i.e. 2.7) where there are very few ionized silanols. We are, therefore, still working on finding a possible explanation.

In HILIC

The phenomenon of total breakthrough was also observed for peptides in HILIC. An example is given in Fig. 4, showing the evolution of elution profiles of leucine enkephalin with the injected volume after dissolution in a strong solvent (i.e. pure water). Below 10% V0 injected, the peaks were split into two (1% V0) or multiple distinct peaks (2% V0), until the occurrence of breakthrough with the presence of a broad middle peak (5% V0). Interestingly, the presence of multiple distinct peaks before the emergence of breakthrough was never observed in RPLC. Above 10% V0 injected, the middle peak completely disappeared, leaving only two peaks on the chromatogram, the breakthrough peak and a narrow and symmetrical retained peak. Those results were obtained on a BEH amide column but similar observations were made using a BEH HILIC column (bare silica), as shown in Fig. S4. The retention mechanism in HILIC is known to be multimodal [START_REF] Buszewski | Hydrophilic interaction liquid chromatography (HILIC)-a powerful separation technique[END_REF][START_REF] Mccalley | Understanding and manipulating the separation in hydrophilic interaction liquid chromatography[END_REF]. For ionized compounds such as peptides, it might involve partitioning between the organic-rich mobile phase and the water-enriched layer partially immobilized on the stationary phase, electrostatic interaction (attractive or repulsive) between the charged analyte and the residual silanols, and hydrogen bonding with the stationary phase. From our perspective, the fact that the peptide behaviour seems to be similar in HILIC and RPLC might also be related to the existence of secondary interactions.

However, as in RPLC, it is quite difficult to explain the reasons for which distinct peaks are present, and above all, why total breakthrough emerged with positively charged compounds only.

Identification of the relevant factors affecting breakthrough and total breakthrough

In this part of the work, we evaluated the effect of various parameters on the emergence of breakthrough and total breakthrough. The study was carried out in RPLC with positively charged analytes eluted in gradient elution at acidic pH. The investigated parameters included the eluent strength of the injection solvent, the gradient conditions, the column temperature, and the concentration of the analyte. The goal of this study was to make progress in the understanding of the phenomenon of total breakthrough.

Effect of the injection solvent composition

Fig. 5 illustrates the effect of the injection solvent composition on the elution profiles of leucine enkephalin. Figs. 5a to 5d show the results obtained with an organic solvent content ranging from 30% ACN to 90% ACN in the injection solvent, respectively. In each figure, a given colour is related to a given peak shape in order to highlight the similarities between the four injection solvents. For example, the red curves reflect conditions for which a single symmetrical peak is observed on the chromatogram, whereas the purple curves capture the onset of total breakthrough. The first observation that can be made when comparing Figs. 5a-d is that the evolution of the elution profile with the injection volume is the same regardless of the eluent strength of the injection solvent. For the four conditions of injection solvent depicted in Fig. 5, the separation goes through the same stages: (i) no injection issues (red curve), (ii) peak broadening (orange curve), (iii) appearance of a middle peak (green curve), (iv) emergence of breakthrough with persistence of this middle peak (blue curve), and (v) occurrence of total breakthrough (purple curve). The only difference is that injection issues start with smaller injection volumes when the injection solvent is stronger (i.e. with a larger content of acetonitrile). Whereas Vcrit,TB represents about 13.8% V0 with 30% ACN in the sample solvent (Fig. 5a), it is close to 3.4% V0 with 90% ACN (Fig. 5d). Similar observations can be made for the emergence of breakthrough, which appears with injection volumes of about 9.6% and 2.5% V0 with 30% ACN (Fig. 5a)and 90% ACN (Fig. 5d), respectively. It is interesting to point out that Vcrit,TB seems to be slightly higher than Vcrit,B (about 40 % higher) regardless of the injection solvent composition (i.e. Vcrit,TB = 1.4 Vcrit,B). Considering Eq. 1, this means that the following relationship could be used to estimate Vcrit,TB in the current conditions of the study:

,& = 1.4 × × (4) 
In the case of leucine enkephalin, this implied that very small differences in injection volume (e.g. < 0.7 µL in Fig. 5d) were sufficient to go from one phenomenon (i.e. breakthrough) to the other (i.e. total breakthrough). It is important to note that it was not our purpose to accurately measure V0 and ks but to establish a simple relationship relating these two parameters to Vcrit,TB as can be done with Vcrit,B.

The comparison of both the width and the shape of the retained peak, once the middle peak has appeared (blue curve), is interesting. With 30% ACN (Fig. 5a), the peak is larger than with 90% ACN (Fig. 5d) and furthermore exhibits a slight fronting. This trend is maintained under total breakthrough conditions (purple and black curves). The fact that better retained-peak shapes were obtained with stronger sample solvents is counter-intuitive. Furthermore, with the same injected volume of 50 % V0 (black curves in Fig. 5), both the width and the shape of the retained peak are clearly improved when the percentage of acetonitrile in the injection solvent increases.

Nevertheless, black and purple curves show that rather good peak shapes were obtained with very large injection volumes once total breakthrough conditions have been attained. Another effect occurring for very large injected volumes was the broadening and, in some cases, the splitting of the breakthrough peak. As expected, for a given injection volume (e.g. 50% V0), its shape is more affected by stronger sample solvents. On the other hand, with stronger injection solvents, the shape of the retained peak improves but its area decreases. For example, with 50% V0 (black curve), the retained peak area was about three times larger with 30% ACN (Fig. 5a) than with 90% ACN (Fig. 5d).

This is in agreement with the fact that a larger number of molecules are retained when the injection solvent is weaker.

An interesting point to discuss is the evolution of the separation of the middle peak with the injection volume, which is exemplified in Fig. S5 with 70% ACN as injection solvent. The trend was found to be the same regardless of the injection solvent. In Fig. S5, the asterisk and the diamond indicate the breakthrough and the retained peaks, respectively. The middle peak is located between them. As seen, both its retention and its height progressively decreases with the injection volume.

The peak height is maximum when the middle peak is fully resolved from the retained peak (purple curve). Then, it progressively decreases as the injection volume increases, while the peak width increases. Once breakthrough has emerged (yellow curve), the retention and the width are no longer evolving. At this point, the beginning of the middle peak is close to the onset of the gradient (about 0.2 min). As the injection volume further increases, the peak height of the middle peak decreases until the peak completely disappears when total breakthrough occurs (red curve). During all these stages, the height and the area of the retained peak (diamond) remained approximately the same. As highlighted in our previous work [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF] and shown in Fig. 5 (purple curve vs. black curve), both the height and the area of the retained peak start to increase again with the injected volume once total breakthrough has emerged. The appearance and the evolution of this middle peak are very surprising and totally unexplained so far. The understanding of the different separation stages preceding total breakthrough will be necessary to be able to predict and simulate the separations under total breakthrough conditions.

Effect of gradient conditions

o Initial mobile phase composition Fig. 6 shows the effect of the initial composition of the mobile phase on the peak profile of leucine enkephalin. Three initial percentages of acetonitrile (strong solvent B) were studied: 1% (Fig. 6a), 5% (Fig. 6b), and 10% (Fig. 6c). The gradient elution was carried out from the indicated initial composition to the same final composition of 45% B while keeping the normalized gradient slope constant by adjusting the gradient time. Consequently, the compositions at elution were similar. The same volume (2.5% V0) was injected in the same solvent (50% ACN). As observed in Fig. 6, injection issues are more critical when the initial percentage of acetonitrile is higher. With 1% ACN (Fig. 6a), the retained peak is split with no breakthrough. With 5% ACN (Fig. 6b), the middle peak is fully resolved from the retained peak and still no breakthrough has appeared. With 10% ACN (Fig. 6c), total breakthrough can be observed. This progression is comparable to what was observed when increasing the injected volume for a given injection solvent strength (Fig. S5) or the injection solvent strength for a given injected volume (Fig. 5). Our hypothesis to explain this effect is that the injection plug is partly diluted in the initial mobile phase before entering the column, making the actual injection solvent weaker (i.e. ks higher) with 1% ACN as initial composition than with 10% ACN.

o Gradient time Fig. 7 shows the effect of the gradient time on the separation of leucine enkephalin. The separations were obtained with four different gradient times corresponding to 44t0 (Fig. 7a), 11t0 (Fig. 7b), 5.5t0 (Fig. 7c), and 3.7t0 (Fig. 7d), thus leading to four different normalized gradient slopes (i.e. 1%, 4%, 8%, and 12%, respectively). The four injection volumes show all the stages of the separation, i.e., from a single symmetrical retained peak (black curve) to total breakthrough (orange curve). The first observation that can be made is that, for a given injection volume (given colour in Fig. 7), the separations appear very similar, suggesting that the gradient time does not play a part in the onset of the different separation stages and, in particular, in the emergence of total breakthrough. The same set of separation stages is observed regardless of the gradient time: (i) one peak without breakthrough (black curve, 1% V0), (ii) two peaks without breakthrough (purple curve, 3.0% V0), (ii) three peaks including the breakthrough peak (blue curve, 4.8% V0), and (iv) total breakthrough (orange curve, 6.9% V0). For a given separation stage, the resolution between the middle and retained peaks decreases with the gradient time, which can be related to the decrease in peak capacity. Similar observations were made for two other peptides (bombesin and [ile]-angiotensin)

and two small pharmaceuticals (nadolol and propranolol) (data not shown). The fact that both breakthrough and total breakthrough appear with the same injected volume regardless of the gradient time is in good agreement with the fact that both Vcrit,B and Vcrit,TB are only dependent on kS, and hence totally independent of the gradient time.

o

Initial isocratic hold duration

The same observations were made when changing the isocratic hold duration as shown in Fig. 8 for two compounds ([ile]-angiotensin and nadolol) with similar retention but markedly different molecular weights (see Table 1). Both the gradient time (i.e. 1.08 min) and initial composition (i.e. 1%) were unchanged while the initial hold duration was varied from 0 min (Fig. 8a) to 0.53 min (Fig. 8c), leading to a total delay time (including the instrument dwell time) between 0.15 min and 0.68 min. The overlaid separations correspond to three injection volumes (1%, 1.2%, and 1.5% V0). The two analytes were weakly retained in such conditions and eluted at the very beginning of the gradient elution (composition at elution close to 5% ACN) as shown by the gradient profile (dotted lines). This explains why injection issues could already be observed with very small injected volumes (<1% V0) and why very small variations (i.e. ± 0.2% V0) significantly modified the separations. For both analytes, injecting 1.0% V0 (black curves) resulted in the appearance of two peaks without breakthrough, whereas 1.2% V0 (purple curves), and 1.5% V0 (blue curves) were sufficient to trigger breakthrough and total breakthrough, respectively. Similar to the effect of the gradient time, different observations are noteworthy in Fig. 8: (i) the different stages of the separation and in particular Vcrit,B (close to 1.2% V0) and Vcrit,TB (close to 1.5% V0 ) are quite the same regardless of the duration of the isocratic hold and the analyte, (ii) the ratio between those values are once again close to 1.4 (to the nearest measurement of uncertainty), (iii) the only difference in behaviour between the two analytes is the width and the shape of the middle peak of nadolol which is broader and less retained than that of [ile]-angiotensin, and (iv) the initial hold does not seem to affect the different stages of the separation but it does impact the shape and the position of the middle peak.

In the case of [ile]-angiotensin, with 1.2% V0 injected (purple curves in Figs. 8c), the middle peak flattens out so much that it seems to completely disappear. However, as shown by the zoomed figures (Fig. S6a), it is still present, suggesting that the situation of total breakthrough has not yet been achieved.

o

Flow rate

The effect of the flow rate is shown in Fig. 9 changing the gradient time. As previously observed, for both compounds, there is no major difference in the separation between the two flow rates except a less good separation at 1.5 mL/min between the retained and the middle peak of [ile]-angiotensin which seems to result in a slightly larger injection volume for the emergence of total breakthrough (>1.2% V0 at 1.5 mL/min vs < 1.2% V0 at 0.75 mL/min). For nadolol, the trend at both flow rates is exactly the same. As shown in Fig. S7, the same conclusions could be drawn for amitriptyline, a more retained base (Ce = 23% ACN), for which the similarity of the separations between the two flow rates is remarkable.

As also previously underlined, the middle peak is larger and more distorted for nadolol than for the peptide. Also, for nadolol, the retention shift of the middle peak is progressive when increasing the injected volume until co-elution with the breakthrough peak. That was not the case for peptides,

[ile]-angiotensin (Figs. 9a/d) or leucine enkephalin (Fig. S5) although a similar trend was sometimes noticed for little retained peptides as exemplified in Fig. S8. It is interesting to note that, since nadolol and [ile]-angiotensin have a similar retention model (see Table 1), a possible relevant difference between them is their molecular weight, which might suggest an effect of molecular diffusion on the middle peak behaviour.

Effect of the column temperature

To highlight a possible effect of molecular diffusion, the column temperature was decreased from 80°C to 30°C, with a flow rate of 0.75mL/min. The obtained separations at 30°C for [ile]-angiotensin (Fig. 10a) and nadolol (Fig. 10b) can be compared to those at 80°C shown in Figs. 9c and9d, respectively. In addition to a decrease in the solute diffusion coefficients, a reduction of temperature can have other effects: (i) a variation of both mobile phase pH and solute pKas and hence a change in the solute ionization; (ii) a variation of the thermodynamic equilibrium, thereby increasing distribution constants and hence the retention factors, including ks. As can be observed, the separations evolve in a similar way at the two studied temperatures. As shown in Fig. S9, similar conclusions could be drawn for amitriptyline (more retained basic compound). Yet, it is interesting to point out the significant difference in both the shape and the retention of the middle peak for nadolol between 30°C (Figs. 10b) and 80°C (Fig. 9d).

The middle peak is indeed thinner and more retained at 30°C, resulting in a similar behaviour to the peptide, unlike at 80°C.

Effect of the sample concentration

Fig. 11 shows the separations obtained for [ile]-angiotensin (Fig. 11a) and nadolol (Fig. 11b) by dividing the sample concentration by a factor of 25 and 100, respectively compared to those in Figs.

9c and 9d, respectively. Once again, for both solutes, the similarity in the way the separation evolves with the injected volume is absolutely remarkable. It is important to note that all these separations were obtained under linear chromatography conditions. We measured the ratio of the retained peak area to the total area (breakthrough peak and retained peak) for both concentrations and under total breakthrough conditions (1.9% V0, red curves in Fig. 11). For both compounds, this ratio was found to be independent of the concentration (about 0.30 for [ile]-angiotensin and 0.25 for nadolol).

Similar observations could be drawn for amitriptyline (Fig. S10). Those results are quite consistent with our previous study [START_REF] Chapel | Pushing the limits of resolving power and analysis time in on-line comprehensive hydrophilic interaction x reversed phase liquid chromatography for the analysis of complex peptide samples[END_REF] where we found excellent linearity between the retained peak area and the analyte concentration once total breakthrough conditions were attained.

Conclusions

In this work, we have conducted an extensive study on the phenomena of breakthrough and total breakthrough in liquid chromatography. Total breakthrough can be described as a critical case of breakthrough with two distinct peaks for a given solute: an unretained breakthrough peak and a well retained symmetrical peak eluted at the expected retention time. The main objective of this work was to gain some insight into this particular phenomenon and to better define the conditions under which it occurs. To this end, the effect of numerous parameters, including the nature of the solute, the retention mechanism, the injection solvent composition, the injection volume, the gradient elution conditions, the column temperature, and the injected sample concentration, was investigated. Special attention was paid to the impact of these parameters on the emergence of both breakthrough and total breakthrough phenomena. The most important findings from our results are reported below:

(i) It was previously theoretically established that the injection volume required for breakthrough for a given analyte could be given by a very simple relationship (i.e. Vcrit,B = kS x V0) [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF]. In the present experimental study, we have shown that the injection volume required for total breakthrough was found to be about 1.4 times larger in the case of a 30 x 2.1-mm column (Vcrit,TB = 1.4 x kS x V0).

(ii) Whereas breakthrough might be observed for any compounds as long as the previous relationship is satisfied, the occurrence of total breakthrough seems to be limited to positively charged compounds only. Experimentally, this was confirmed for several weak bases and peptides. Meanwhile, total breakthrough was never reached for negatively charged or neutral compounds whatever the conditions.

(iii) Considering the importance of the presence of positive charges on the molecule and given that this phenomenon was also observed in HILIC, we believe that the total breakthrough phenomenon could be explained by the circumstances of a mixed retention mechanism.

Yet, further investigation should be conducted to confirm this theory and demystify this singular phenomenon. The mechanisms involved must be fully understood before a reliable predictive model can be established as the one proposed for neutral molecules [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF] (iv) Among all the studied parameters, the injection solvent composition (ks) and the injection volume (Vi/V0) for a given analyte were found to be the only ones to have an impact on the onset of breakthrough and total breakthrough. Both phenomena turned out to appear at the same injected volumes regardless of other analytical conditions. This supports the premise that the critical volumes required for breakthrough (Vcrit,B) and total breakthrough (Vcrit,TB) are only dependant on the retention factor of the analyte in the injection solvent (kS) and the column volume (V0).

(v) All the studied parameters seem to act on the retention and shape of the middle peak in contrast to the other peaks (breakthrough and retained peaks).

(vi) Considering the previously established relationship for Vcrit,B [START_REF] Pepermans | Detailed numerical study of the peak shapes of neutral analytes injected at high solvent strength in short Reversed-Phase liquid chromatography columns and comparison with experimental observations[END_REF] and based on the abovementioned conclusions regarding Vcrit,TB, it becomes clear that the only two options to avoid breakthrough, and by extension total breakthrough, for a given analyte, is to reduce the injected volume and/or reduce the eluent strength of the injection solvent. On the other hand, if the goal is to reach total breakthrough, the injection volume should be set so that Vcrit,TB exceeds Vcrit,B by a specific factor that was found to be close to 1.4 in the current study. While theoretically, such conditions should be accessible for all compounds as long as they are positively charged, it is worth pointing out that in practice, the required volumes might be very large, hence difficult, if not impossible to reach experimentally in the case of strongly retained compounds injected in weak solvents. 

  experiments were performed on two different systems. System 1 was used for the analysis of individually injected compounds, whereas System 2 was used for the injection of mixtures (Fig.S1) and the isocratic experiment. System 1 consisted of the first dimension of a 2D-LC ACQUITY UPLC I-Class instrument from Waters Corporation (Milford, MA, USA). It includes a binary solvent delivering pump (BSM), a sample manager with a flow-through needle (SM-FTN) injector equipped with a 15 µL loop, a thermostated column manager, an ACQUITY photodiode-array detector (PDA) with a 0.5 µL flow cell. For most experiments, an extension loop of 100 µL was added to the injector.For the study of the effect of the isocratic hold at the beginning of the gradient, the experiments were performed without this extension loop. The measured dwell volume (VD) and extra-column volume (Vext) for this system were 110 μL and 12 μL, respectively (without extension loop). The LC system was hyphenated to an ACQUITY single quadrupole mass spectrometry detector (QDa). A zero dead volume T-piece was placed after the column to reduce the flow entering MS. The T-piece connected the column outlet to the QDa and PDA inlets via PEEK capillary tubings of 100 µm inner diameter. It was designed to send half of the flow to UV and the other half to MS (split 1:1).

  for [ile]-angiotensin (Figs. 9a/b on the left) and nadolol (Figs. 9c/d on the right). The study was performed at 1.5 mL/min (Figs. 9a/c on the top) and 0.75 mL/min (Figs. 9b/d on the bottom). The normalized gradient slope was kept constant (i.e. s=4%) by
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 5 Fig.5: Effect of the injection solvent composition on the separation: (a) 30% ACN, (b) 50% ACN, (c) 70% ACN, and (d) 90% ACN. Vi/V0 was varied from 1% to 50% ACN. Solute: leucine enkephalin (50 mg/L). Same other conditions as in Fig. 1.
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 678911011 Fig.6: Effect of the initial composition (Cinitial) on the separation: (a) 1% ACN, (b) 5% ACN, and (c) 10% ACN. The normalized gradient slope was maintained at 4% by changing the gradient time : (a) 0.54 min, (b) 0.49 min, (c) 0.43 min. Injection volume (Vi/V0) = 2.5%. Solute: leucine enkephalin (50 mg/L).Same other conditions as in Fig.1. The asterisk indicates the non-retained breakthrough peak.

  

  

  

  

  

  

  

  

Table 1 :

 1 Characteristics and Physical properties of the studied compounds.

	#	Compound	m/z (Da)	Pi or pKa (25°C)	Slog	Log(kw)
	P1	Influenza hemaglutinin (HA)	1103.2	3.5	16.5	3.04
	P2	Leucine enkephalin	556.6	6.0	11.4	2.22
	P3	[arg8]-Vasopressin	543.1*	8.2	21.1	1.52
	P4	[ile]-Angiotensin	898.1	9.4	20.9	1.94
	P5	Bradykinin fragment 1-5	573.7	10.6	15.6	1.07
	P6	Substance P	674.8*	11.7	20.6	3.25
	P7	Bradykinin	531.1*	12.5	20.5	2.22
	B1	N,N-dimethylaniline	122.2	5.1	10.5	2.29
	B2	diphenhydramine	256.4	8.8	9.7	2.10
	B3	propranolol	260.3	9.1	10.7	2.03
	B4	amitriptyline	278.4	9.2	9.3	2.64
	B5	nadolol	310.4	9.2	23.6	1.64
	N1	Caffeine	193.2	1.4		
	A1	Salicylic acid	137.1	3.0		
	*dicharged ion