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Abstract 19 

Despite the high gain in peak capacity, online comprehensive two-dimensional liquid 20 

chromatography coupled with high-resolution mass spectrometry (LC×LC-HRMS) has not yet 21 

been widely applied to the analysis of complex protein digests. One reason is the methods' 22 

reduced sensitivity that can be linked to the high flow rates of the second separation dimension 23 

(2D ). This results in higher dilution factors and the need for flow splitters to couple to ESI-24 

MS.  25 

This study reports proof of principle results of the development of an RPLC×RPLC-26 

HRMS using parallel-gradients (2D flow rate of 0.7 mL min-1) and its comparison to shifted 27 

gradient methods (2D of 1.4 mL min-1) for the analysis of complex digests using a QExactive-28 

Plus MS. Shifted and parallel-gradients resulted in high surface coverage (SC) and effective 29 

peak capacity (SC of 0.6226 and 0.7439 and an effective peak capacity of 779 and 757 in 60 30 

minutes). When applied to a cell line digest sample, parallel-gradients allowed higher 31 

sensitivity (e.g., average MS intensity increased by a factor of 3), allowing for a higher number 32 

of identifications (e.g., about 2600 vs 3900 peptides). In addition, reducing the modulation time 33 

to 10s significantly increased the number of MS/MS events that could be performed. When 34 

compared to a 1D-RPLC method, parallel RPLC×RPLC-HRMS methods offered higher 35 

separation performance (FHWH from 0.12 to 0.018 min) with limited sensitivity losses 36 

resulting in an increase of analyte identifications (e.g. about 6000 vs 7000 peptides). 37 

 38 

1. Introduction 39 

Modern liquid chromatography (LC) high-resolution mass spectrometry (HRMS) instruments 40 

reach scan rates of over 50 Hz allowing for fast analysis and fragmentation experiments. This 41 
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makes LC-HRMS the method of choice to study changes in the proteome of complex 42 

organisms and to characterize the sequence of proteins, such as biotherapeutics. 1–3. In these 43 

experiments, proteins are digested into peptides and LC separations are essential to resolve the 44 

tens of thousands of peptides in a sample. 4 The separation quality thus significantly influences 45 

the speed and depth of this analysis.5 The metric most often used to describe the quality of an 46 

LC separation is the peak capacity, approximating the maximum number of peaks that can be 47 

resolved at an equal resolution within a given separation space.6 Ultra-high-pressure LC 48 

technology commonly allows for peak capacity between 100 and 200 per hour.7 For the 49 

analysis of highly complex samples, comprehensive two-dimensional LC (LC×LC) is an 50 

attractive option as it can offer one order of magnitude higher peak capacity.8–11 51 

In the past years, LC×LC has been applied for separating protein digests or other 52 

peptide mixtures. A commonly applied selectivity combination is RPLC×RPLC.12 This 53 

combination yields fundamentally limited orthogonality yet provides excellent solvent 54 

compatibility between the dimensions and high-resolution separations. The most common 55 

methods either employ different column chemistries (e.g. 13) or combine basic mobile phases 56 

in the first dimension (1D) with acidic RPLC in the second dimension (2D; e.g. 4). Nevertheless, 57 

the limited orthogonality of the two methods results in low retention-space utilization when 58 

using full-gradients (the same gradient in every 2D separation, e.g. 2-45%B). For this reason, 59 

shifted gradients (the lower and upper boundary of the 2D gradient change) can be used where 60 

the 2D mobile phase gradient method is correlated to the gradient program in 1D to maximize 61 

the surface coverage 9. Using this approach, Stoll et al. reached a peak capacity of 10,000 in 4 62 

hrs for the analysis of a monoclonal antibody digest 4. Despite high-performance, the use of 63 

shifted gradients has also been criticized. Chapel et al. 14 found that the increase in retention 64 

space coverage and peak capacity is obtained at the expense of sensitivity and retention time 65 

repeatability in consecutive 2D separations. 66 
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Moreover, the most critical disadvantage of any repeating gradient (i.e. shifted or full) in 67 

RPLC×RPLC is that high flow rates (>1 mL min-1) are required to minimize dwell time, 68 

column equilibration time, and t0 along with increasing the normalized gradient slope and 69 

overall separation power. However, high flow rates increase the dilution factors and require 70 

the use of post-column flow splitting to allow for hyphenation with MS, inducing band 71 

distortion and losses in sensitivity.15  72 

One alternative to shifted gradients to extend the usage of the 2D retention space in 73 

RPLC×RPLC is using parallel-gradients. With this approach, in the second-dimension 74 

separation, a single gradient with a slope correlated to the first dimension (hence “parallel”) is 75 

programmed throughout the analysis. Parallel-gradients have been investigated since 200316, 76 

demonstrating that this method can improve the use of available 2D separation space in 77 

correlated RPLC×RPLC platforms.17–20 An additional advantage is that a more constant 78 

pressure on the 2D column, reducing physical stress on the column and other system 79 

components.21 Moreover, parallel-gradients do not require high 2D flow rates and consequently 80 

omit the need for post-column flow splitting when hyphenating to MS. Various applications 81 

have been demonstrated with these method, such as pharmaceuticals analysis22, food23,24, and 82 

simple aromatic compounds.29 83 

In this work, we developed a parallel-gradients RPLC×RPLC method for peptide 84 

separations and compared it to full- and shifted-gradients. All methods employed stationary-85 

phase-assisted modulation (SPAM) as a modulation strategy.25–27 Our comparison was based 86 

on the effective peak capacity, sensitivity, surface coverage, and repeatability. Finally, the 87 

methods were evaluated based on their protein-identification capacity by measuring a cell 88 

lysate using MS/MS. Shorter modulation times for parallel-gradient methods were also 89 

explored. 90 
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2. Experimental 91 

2.1  Chemicals 92 

Water (ULC/MS grade) and acetonitrile (ACN, LC-MS grade) were obtained from Biosolve 93 

(Valkenswaard, The Netherlands). Dichloromethane (DCM) was obtained from VWR 94 

chemicals (Fontenay-sous-Bois, France). Ammonium bicarbonate (Bioultra, ≥ 99.5%) was 95 

acquired from Fluka Analytical (Charlotte, USA). Formic acid (FA, ≥98%) and Ammonium 96 

formate (AmFm) were obtained from Sigma (Zwijndrecht, The Netherlands). The ammonium 97 

hydroxide solution was obtained from Thermoscientific (The Netherlands). 98 

Alpha casein (≥ 70.0%), bovine serum albumin (BSA, lyophilised powder, ≥ 96%), 99 

myoglobin (from equine heart, essentially salt-free, lyophylized powder, ≥ 90% (SDS-PAGE)), 100 

albumin (from chicken egg white, lyophilized powder, ≥98%, agarose gel electrophoresis), 101 

urea (≥ 98%), trypsin (BRP grade), thiourea (puriss. p.a., ACS reagent, ≥ 99.0%), were all 102 

obtained from Sigma (Zwijndrecht, The Netherlands). Human IMR90 lung fibroblast cells 103 

(ATCC CCL-186) were prepared according to what was described in 28. Solid-phase extraction 104 

(SPE) was performed with C18 cartridges (Supelco; 1 mL, 100 mg bed, pore size 70 Å) 105 

2.2  Instrumentation 106 

All experiments in this study were carried out using an Agilent 1290 series Infinity 2D-LC 107 

system (Agilent, Waldbronn, Germany). The system comprised of two binary Infinity I pumps 108 

(G4220A), one 1100 isocratic pump (G1310A), an autosampler (G4226A), a thermostatted 109 

column compartment (G1316C), a valve drive (G1170A), equipped with an 8-port 2-position 110 

2D-LC valve (G4236A), and a diode-array detector (G4212A) with Agilent Max-Light 111 

cartridge cells (G4212-60008, 10 mm, detector volume = 1.0 µL). The system was controlled 112 

using Agilent OpenLAB CDS Chemstation Edition (Version 3.2 (Build 3.2.0.620)) software. 113 
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The 1D columns were Agilent InfinityLab Poroshell 120 HPH-C18 (150×2.1mm, 1.9 µm), 114 

Agilent ZORBAX SB-CN and Agilent ZORBAX Eclipse Plus C18 (both 150×2.1mm, 1.8 115 

µm). The 2D column was a ZORBAX Eclipse Plus C18 (50×2.1mm, 1.8 µm). In addition, an 116 

Agilent ZORBAX SB-CN (50×2.1mm, 1.8 µm) and an Agilent InfinityLab Poroshell 120 117 

HPH-C18 (50×2.1mm, 1.9 µm) were used. 118 

To perform SPAM in the  2DLC experiments, two Phenomenex SecurityGuard™ 119 

ULTRA C18 Cartridges (2×2.1mm) were used with the corresponding Phenomenex 120 

SecurityGuard™ ULTRA Holders. The mass spectrometer used was a Q-Exactive-Plus 121 

(Thermo Scientific, Bremen, Germany). 122 

2.3  Procedures 123 

2.3.1 Sample preparation 124 

A protein digest sample consisting of BSA or four different proteins	(BSA,	𝜶-casein,	125 

myoglobin,	and	albumin)	was	used	for	method	development.	A	cell	lysate	(human	IMR90	126 

lung	fibroblast	cells)	was	used	to	prove	the	method's	applicability. The sample preparation 127 

is based on previously described work.29Details on procedures are described in the Supporting 128 

Information (SI) Section S-1.  129 

2.3.2 1DLC-HRMS 130 

For all 1D-LC experiments, the column was directly connected to the MS source. The injection 131 

volume was 2 μL, and the column thermostat was 50 °C. Mobile phase A consisted of H2O, 132 

mobile phase B was ACN. To both mobile phases, 0.1% FA was added with the exception of 133 

the mobile phase used for the HPH-C18 column. For the high-pH separations, A was H2O with 134 

20 mM AmFm at pH 10 (adjusted using ammonium) and B was plain ACN. A full overview 135 

of the used MS settings is presented in the SI Section S-2. 136 
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To compare 1D-LC with 2D-LC, 1D-LC a 150×2.1mm column, a flow rate of 0.16 mL 137 

min-1 and a gradient from 2-38%B in 60 minutes. The exact gradient programming for all of 138 

these experiments can be found in the SI Section S-3. 139 

2.3.3 RPLC×RPLC-HRMS 140 

Sample, solvent composition (of both 1D and 2D separations), column temperature and MS 141 

settings were the same as described in the previous section. For the 2D-LC experiments, the 142 

1D column was 150mm in length and the HPH-C18 for full and shifted gradients while the CN 143 

was used for parallel-gradients and the 2D column was C18. A schematic overview of the 144 

system is depicted in Figure S1 in the SI. 2 µL of sample was injected for the protein mix and 145 

15 uL for the cell lysate. In all cases where the 1D flow rate was 0.16 mL min-1, the 1D gradient 146 

for the HPH-C18 column was programmed in the following steps: 0-60-65-70-70.01 min and 147 

respectively 2-38-90-90-2 for the percentage of B. For the CN column, the third step was 148 

reduced from 38% B to 32% B. For all methods, a modulation time of 30 seconds was used. 149 

For SPAM, a dilution ratio of 1:3 (water 0.1%FA) was applied (0.48 mL min-1).  150 

The full-gradient and shifted-gradient methods used the  HPH-C18 column and solvents 151 

in the first dimension and the 50mm C18 in the second dimension at a flow rate of 1.4 mL min-152 

1 and a 1:1 ratio flow split prior to the MS. The full-gradient method employed a linear solvent 153 

gradient from 2-45% B in every modulation over the first 0.43 min followed by 0.07 min 154 

equilibration at 2% B. The detailed shited gradient programming can be found 4in Section S-4. 155 

For  the parallel gradient, the 150mm CN column was used for the 1D. The 2D gradient 156 

was programmed in the following steps: 0-60-65-70-70.01 min and respectively 12-40-90-90-157 

12 for the percentage of B. Contrary to the other methods, the 2D flow rate was set at 0.7 mL 158 

min-1 and therefore without the use of a flow splitter. 159 
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2.3.4 MS conditions and Data handling 160 

MS data were recorded using a HESI source. A full overview of the used MS settings is 161 

presented in the SI Section S-2. Plotting of the 2DLC chromatograms and other calculations 162 

were performed using MATLAB R2024a. For the equations used to calculate several 163 

parameters, the reader is referred to SI Section S-5. MZmine version 3.90 was used for feature 164 

detection from LC and LC×LC-MS experiments30. Peptide and protein identification was 165 

performed in MaxQuant (V2.1). Carbamidomethyl was used as a fixed modification and the 166 

variable modifications were set to oxidation and acetylation. Trypsin was specified as the 167 

enzyme, with a maximum of two missed cleavages. The false discovery rate (FDR) for the 168 

peptide identification was set to 1%. Further details can be found in the SI Section S-6 Raw 169 

data and MaxQuant analysis results are available at https://massive.ucsd.edu/ProteoSAFe 170 

dataset MSV000094598. 171 

3. Results and Discussion 172 

Here, we describe the development of a parallel-gradient LC×LC method based on RPLC 173 

separations on both dimensions and compare (in section 3.3) it to a full and a shifted-gradient 174 

method similar to previous research.4 175 

3.1  Screening of 1D selectivities 176 

To effectively use the 2DLC separation space in LC×LC separations using full-gradient 177 

programs the two coupled methods should have the highest orthogonality (lowest correlation) 178 

possible. In contrast, for shifted and parallel-gradient methods, the two separation dimensions 179 

must be correlated but feature different selectivities (e.g., different elution order of 180 

analytes).22,24  Therefore, to establish a parallel RPLC×RPLC method, we initially screened 181 

several RPLC peptide separation methods (see supporting information S-7). We then selected 182 
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three RPLC methods (using 150×2.1 mm ID columns) and measured the correlation between 183 

the LC-MS separation of a trypsin digest of a mixture of four proteins (BSA, 𝜶-casein, 184 

myoglobin and albumin). All the methods used ACN as organic modifier, low-pH C18 (LPH) 185 

and cyano (CN) using 0.1% FA and high-pH C18 (HPH) using a 20 mM AmFm at pH 10. To 186 

evaluate the results, we used the R2-value from a linear trendline of the normalized analyte 187 

retention time (ntr, calculated as (tr,i-tr,first)/(tr,last-tr,first)) of a specific analyte for each LC 188 

separation (Figure 1). Lower R2-value represents lower correlation and therefore, higher 189 

orthogonality of the compared selectivities. The lowest correlation (R2 = 0.711) was observed 190 

between the LPH and HPH whereas the correlation between the LPH and CN (at the same pH) 191 

was significantly higher (R2 = 0.933). This is likely to occur due to the changes in the charge 192 

of peptides between the different pH environments of HPH and LPH separations. Although 193 

this condition is generally considered beneficial for 2DLC methods, this is not the case for 194 

parallel-gradients, as large differences in retention may lead to part of the compounds not 195 

eluting within the modulation time (wrap-around) or having significantly wider peak widths 196 

due to high retention or eluting unretained. Because of the high correlation but sufficient 197 

differences observed in the analyte elution order, we used the CN×LPH combination to develop 198 

a parallel-gradient RPLC×RPLC. In the case of shifting gradients, the HPH×LPH was used 199 

following what was reported by. 4 200 

 201 
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 202 

Figure 1: Orthogonality plots using normalized retention times (ntr) of targeted peptide 203 

features. The following  comparisons are presented: C18 using 0.1% FA (x-axis in all subplots) 204 

vs HPH C18 using 20 mM AmFm at pH 10 (A), cyano using 0.1% FA (B). 205 

 206 

3.2  RPLC×RPLC method development: modulation and 1D method 207 

The target of our method development was to establish a 60-min gradient time to realize 208 

analysis with medium-throughput potentials. A modulation time of 30 seconds was chosen for 209 

all 2DLC methods as it allows for frequent fractionation of the 1D and running 2D gradients 210 

with high gradient volumes. Previous research on 2DLC parallel-gradients underlined the 211 

negative effect of injection band broadening on the method's peak capacity when using passive 212 

modulation (i.e. sampling loops where no analyte focussing takes place)24. Therefore, we 213 

applied stationary-phase-assisted modulation (SPAM) as the modulation approach for the 214 

2DLC methods. SPAM allowed diluting the 1D eluent, facilitating anayte focussing on trap 215 

columns before injection in 2D gradients, reducing band broadening between separations. We 216 

selected a 1:3 dilution ratio given the steep retention curves that peptides exhibit on C18 217 

stationary phases (see SI Section S-7 Figure S4). 218 
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To develop the 1D we opted for 0.16 mL min-1 as flow rate as a result of the Van 219 

Deemter curve analysis of the CN column (See SI Section S-7 Figure S5). We then tested linear 220 

gradients for the CN and HPH separations. The protein mixture digest was used as model 221 

sample for method development and evaluation purposes. The gradient slope was adjusted such 222 

that the peaks elute within 60 minutes, to spread the analytes as well as possible within the 223 

gradient time. The methods we selected for the HPH and CN columns used gradients from 2-224 

38% and 2-32% ACN. Feature peak detection was performed on 146 masses (list and 225 

description are reported in SI files) and we obtained average full widths at half height (FWHM) 226 

of  0.121 min (HPH) and 0.172 min (CN) and a corresponding peak capacity of about 292 and 227 

206 (tg = 60 min). In addition, an LPH method, which will be used as state-of-the-art 1DLC 228 

reference, was developed with a gradient from 2% to 38% B, resulting in peaks with an average 229 

FWHM of 0.120 min and a peak capacity of about 295.  230 

 231 

3.2.1 Full and shifted-gradient RPLC×RPLC-HRMS methods 232 

Full and shifted gradient methods were developed following principles discussed in recent 233 

2DLC literature 4,14, coupling an HPH 1D with LPH 2D separation. We used high 2D flow rates 234 

(1.4 mL min-1) to increase the gradient volume and shorten the re-equilibration time for each 235 

2D separation. However, the maximum flow rate allowed from our ESI source was 0.7 mL min-236 

1 and therefore we applied post-column 1:1 flow-split.  237 

Figure 2A displays the results from the full-gradient RPLC×RPLC separation in the analysis 238 

of the protein mixture digest. This method presents a high correlation and, therefore, low 2DLC 239 

space utilization as can be observed by the clustering of the peaks. The results of the full-240 

gradient measurements were used to design a shifted-gradient program, allowing us to 241 

extrapolate the upper and lower boundaries and times of the 2D shifted gradient. Briefly, we 242 
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maintained the lower boundary of 6% B in the 2D till 20 min, this was then increased linearly 243 

to 35% B till 60 min. The upper 2D %B boundary started at 30% B and then increased linearly 244 

to 45% at 20 min and kept constant till the end of the run. Figure 2B presents the result of the 245 

analysis of the protein mixture digest by the shifted HPC×LPH method. The shifted-gradient 246 

programming significantly increased the utilization of the 2DLC space.  247 

 248 

Figure 2: 2DLC plots of the BPC obtained from the protein-mixture digest sample using 249 

different gradient assemblies, full-gradient (A), shifted-gradient (B), and parallel-gradient (C). 250 
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In all plots, the intensity is represented by colour and scaled to a relative intensity such that all 251 

chromatograms appear equally visible despite absolute differences in peak heights. It should 252 

be noted for ease of visibility, the 2D times in the Figure A, B have been shifted by 0.07 min 253 

and C by 0.24 min to account for dead time.  254 

 255 

3.2.2 Parallel-gradient RPLC×RPLC-HRMS method 256 

To develop the parallel-gradient, we selected the CN×LPH combination following what was 257 

described in section 3.1. The 1D gradient method is described in section 3.2. The 1D flow rate 258 

and modulation parameters were identical to the other methods. The 2D flow rate was 0.7 mL 259 

min-1 allowing for splittless MS coupling (vs 1.4 mL min-1 of full and shifted-gradients). This 260 

was possible because in parallel-gradients RPLC×RPLC, there is no need for equilibration time 261 

between 2D separations and it is not needed to deliver, in a short time, a gradient of several 2D 262 

column volumes. This resulted in the inherent advantage of a reduced 2DLC dilution factor 263 

and avoiding flow splitting. However, broader 2D peaks are expected from this gradient design 264 

due to the lower flow rate and shallow gradient elution conditions, resulting. Conversely, filling 265 

up the entire space without the need for column re-equilibration may increase the use of the 266 

separation space (surface coverage) and, therefore, the effective peak capacity.  267 

For the 2D separation, a continuous gradient running in parallel to the 1D gradient was 268 

developed. The 2D gradient used a higher modifier percentage than the 1D gradient, as higher 269 

retention was present in the LPH with respect to the CN method. Different offsets and slopes 270 

were tested to increase the spread of 2D peaks over the modulation time while avoiding 271 

excessive retention to minimize excessive peak broadening. Finally, a 2D gradient program 272 

running from 12% to 40% B was chosen. Figure 2C displays the obtained 2DLC chromatogram 273 

of the analysis of the protein mixture digest.   274 
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 275 

3.3 Comparison of the 2DLC separation methods 276 

In this section, the performance of shifted and parallel-gradient methods will be compared in 277 

terms of (i) separation metrics, (ii) run-to-run repeatability and sensitivity, and (iii) data-278 

dependent MS/MS protein identification analysis of a cell protein digest. In addition, in (iii), 279 

we will discuss the importance of the modulation time in parallel-gradients to increase protein 280 

and peptide metrics. Key data used for comparison are summarized in Table 1.  281 

Table 1: Comparison of 1D and 2DLC methods for the analysis of protein digests extracting 282 

average data from detected features in terms of peak width, height, and area. In addition, data 283 

on surface coverage, effective peak capacity, and retention time repeatability (n=4) are 284 

reported. 285 
Method 1D C18 Full Shifted Parallel 

FWHM (min) 0.1212 0.0161 0.0129 0.0181 
Height (counts) 2.23E+07 4.63E+06 1.26E+06 8.93E+06 
Dilution Factor 
(2D) N/A 288 232 162 

Area (counts min) 1.51E+08 6.69E+08 9.02E+07 3.92E+08 
SC N/A 0.2613* 0.6226 0.7439 
n’

c
 292 263** 779** 757** 

t
r 
rep. (s) (n=4) N/A N/A 0.2947 0.2877 

* Only 100 features were used for the full-gradient as opposed to 300 for the other methods as 286 

significant peak overlap was observed. **Results obtained correcting for surface coverage (SC) 287 

and undersampling factor.  288 

 289 

3.3.1 Effective peak capacities of shifted- and parallel-gradients 290 

We evaluated the separation performance of the methods by calculating the effective 291 

peak capacity. This was obtained by combining the results of 1D and 2D peak capacity (1D 292 

peak capacity data are discussed in 3.2), undersampling factor and 2DLC surface coverage 293 

analysis, following what described in. 31,32 294 
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The 2D peak capacity was calculated from the peak width from the feature detection analysis 295 

of 73 unique features having the highest peak height in shifted- and parallel-gradient methods. 296 

Broader peak widths (0.0181 parallel vs 0.0129 min shifted) were observed with parallel-297 

gradients (see Figure S7). These results can be explained by the lower 2D flow rate and the 298 

more limited gradient peak compression effects. Moreover, in parallel-gradients, analytes may 299 

have long retention times and possibly not elute within one modulation (wrap-around). The 2D 300 

peak capacities of roughly 16 (parallel), 19.5 (shifted) per modulation were obtained.  301 

To calculate the extent to which the 1D peak capacity was kept due to the sampling 302 

frequency of our 2DLC methods we calculated the undersampling factor.32 This factor was 303 

higher for shifted-gradients (4.56) respect to parallel-gradients (3.28) as the HPH separation 304 

had a higher peak capacity with respect to the CN.   305 

Next, we investigated the use of the 2DLC separation space surface using the Convex 306 

Hull method4,33,34. This algorithm connects the outermost data points in a space with straight 307 

lines and computes the area of its inner surface. This surface area is then divided by the total 308 

available separation space to obtain a value between zero and one, where one represents full 309 

surface coverage (SC). In our study, to get the most fair comparison between the different 310 

gradient approaches, the complete 2D time was considered in all cases, and only the 1D dead 311 

time (2 min) was omitted. Therefore, the total available space for all chromatograms was 58 312 

minutes in the 1D and 30 seconds in the 2D. The SC was calculated using the peak tops of the 313 

300 most abundant peaks (see SI Section S-7 Figure S6). The full-gradient method presented 314 

the lowest surface coverage with a value of about 0.26, shifted-gradient 0.62 and parallel-315 

gradients the highest with 0.74. These results highlight the fraction of the 2D separation 316 

space that was unused (74, 38, and 26%, respectively) and, therefore, in which the MS 317 

detector was not analyzing analyte-related m/z features. The application of shifted-gradients 318 

clearly increased the usage of separation space. However, in each modulation the first 5 319 
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seconds were needed for column equilibration (16% of the total 2D separation) and therefore 320 

not used for analysis. In the parallel-gradient method (Figure 2C), as no equilibration time 321 

was needed between runs, the analytes elute through almost the entire 2D time. This resulted 322 

in a higher surface coverage, roughly 19% more than that obtained using a shifted-gradient 323 

program.  324 

Finally, we calculated the effective peak capacity from the parameter described above 325 

(see SI Section S-5 for details) obtaining a value of 779 for the shifted-gradient and 757 for the 326 

parallel-gradient. The two methods provide similar separation performances, with the parallel 327 

gradient allowing for higher utilization of the 2DLC separation space (surface coverage) and 328 

the shifted gradients enabling sharper 2D peaks. Parallel and shifted-gradients outperformed 329 

the full-gradient method and the 1D LPH method (peak capacity of 288 and 295 respectively).  330 

 331 

 332 

3.3.2 Run-to-run repeatability and RPLC×RPLC-HRMS sensitivity  333 

To achieve widespread implementation of LC×LC methods for routine use, the run-to-run 334 

repeatability is a crucial factor. To assess this, the shifted and parallel-gradient methods were 335 

subjected to four consecutive injections of the protein digest mixture and the variation in 2D 336 

elution times between four runs was evaluated. Common features presented in all four 337 

measurements that eluted within one modulation were selected using the batch-pairing 338 

algorithm 35. For the shifted-gradient method, the average standard deviation over the 2D 339 

retention times was 0.2947 seconds, while for the parallel-gradient method, it was 0.2877 340 

seconds. The distributions of the average retention time variation (n=4) for all these features 341 

are displayed in Figure S8 in SI Section S-7. We concluded that parallel and shifted gradient 342 

methods present similar deviations in 2D retention times and can be considered sufficiently 343 
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repeatable as both averages were below 0.3 seconds, which was only several datapoints at the 344 

MS acquisition rate (between about 2 and 10 Hz).  345 

Next, we investigated the difference in sensitivity of the methods, by applying feature 346 

detection and extracting peak area and heights. We observed a clear gain in sensitivity when 347 

using the parallel-gradient method, with about eight times higher average area (8.94·108 vs. 348 

1.26·108) and four times higher average peak height (3.92·108 and 9.22·107). The difference 349 

observed was likely a result of the higher dilution factor in the shifted-gradients 2D separation 350 

where the flow rate was double the one of the parallel-gradient (1.4 vs 0.7 mL min-1). This was 351 

reflected in the higher calculated dilution factor (232 vs 162).  352 

3.3.3 RPLC×RPLC-MS/MS of a cell lysate digest 353 

Finally, tested if the increased separation power of the RPLC×RPLC methods developed yields 354 

higher protein identifications in the analysis of complex proteomics samples. To benchmark 355 

the methods' performance we applied the parallel, shifted-gradients and 1DLC LPH method to 356 

analyze the same amount of a complex protein digest (cell lysate (CL) of Human IMR90 lung 357 

fibroblast cells) in the same analysis time. This sample was selected as a representative sample 358 

for proteomics application with thousands of proteins present and subsequently digested.  359 

Figure 3 displays the 2DLC chromatograms for shifted and parallel-gradient methods analysis 360 

of the CL. In both methods, significantly more peaks were visible than in the protein mixture 361 

digest used for method development. However, surface coverage, and peak width results were 362 

similar. A top 6 MS/MS data-dependent analysis was used to identify peptide sequences and 363 

infer the presence of proteins.  Table 2 summarizes the results of the MS protein analysis (SI 364 

Section S-7 Table S9 for full details). We observed important differences in MS/MS results 365 

and peptide and protein identifications between the datasets. In particular, we observed in the 366 

1D LPH method a higher ratio of MS/MS over full MS scans. This indicated that throughout 367 
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the analysis time five or more m/z features (not in the exclusion list dynamically changed every 368 

20 seconds) and had intensity over the set threshold. In comparison, shifted and parallel-369 

gradients had lower ratios of about three. In the 1D LPH experiments, the peptides continuously 370 

eluted from the column, with no gaps of analyte elution in the total ion chromatogram. This 371 

was not the case for 2DLC measurements where gaps where no analytes eluted are present, 372 

and, therefore, a lower number of MS/MS events took place. Moreover, 2DLC methods, 373 

despite significantly increasing the peak capacity, may present lower sensitivity as a result of 374 

the  higher flow rates used in the 2D separation and fractionation of 1D peaks into multiple 2D 375 

separations. This is true in particular for shifted gradients were lower average MS intensity 376 

with respect to the 1D LPH method (about 4 times less) were observed. We suggest that this is 377 

the reason why the gains in separation obtained by both shifted and parallel-gradients do not 378 

offer increased identification. In particular, shifted-gradients perform significantly worse than 379 

the 1D LPH method, identifying about 80 and 45% less peptides and proteins. Instead, the 380 

parallel-gradient methods gave results similar to the 1D LPH method with a comparable 381 

number of proteins identified despite a lower number of peptides identified (33% less), 382 

indicating that the 2DLC method may reduce the identification of peptides from the same 383 

protein.  384 

Following these results, we further developed the parallel-gradient method to improve 385 

its LC-MS/MS performance. To achieve this, we decreased the modulation time to 20 and 10 386 

seconds aiming to use wrap-around effects (analytes eluting after one modulation) to occupy 387 

the less-used 2D space in the second half of the initial modulation (SI Section S-7 Figures S9 388 

and S10) and fill the gaps between modulations. However, this approach will (i) reduce the 389 

peak capacity of the method as the lower modulation time will result in a lower peak capacity 390 

per 2D and (ii) will further increase the dilution of the method as 1D peaks will be fractionated 391 

in more 2D separations (thus potentially reduce peak heights).  392 
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In our experiments, increasing the modulation frequency in parallel-gradients 393 

significantly increased the number of MS/MS events, reaching values similar to the one of 1D 394 

LPH (ratio MS/MS to MS of 5), demonstrating that distributing the analytes within the 2D 395 

separation and reducing the gaps analytes elution gaps beween modulations has a significant 396 

effect in the analysis of highly complicated samples. The best results in terms of protein 397 

analysis from 2DLC experiments were achieved using 10 seconds modulations with an increase 398 

of peptides (12 %) and proteins (22%) identified respect to 1D LPH.  Interestingly, these results 399 

were achieved despite reducing the calculated 2DLC effective peak capacity (706 and 564 400 

using 20 and 10 sec modulation times). 401 

 402 

Table 2: Number of MS and MS/MS events observed in the 1D and 2DLC-HRMS dataset in 403 

the elution area between 2 and 60 min and the related peptide and protein identifications. 404 

Method MS/MS 
Ratio 

MS/MS 
to MS 

Average 
MS 

intensity 

Peptide 
IDs 

Protein 
IDs 

1D-C18 1 25568 5.27 9.43E+06 5858 1539 
1D-C18 2 26198 5.49 1.10E+07 6275 1554 

Shift 1 19312 3.29 2.71E+06 2670 977 
Shift 2 19157 3.25 2.17E+06 2565 967 
Parallel 30s 1 20780 3.60 1.43E+07 4142 1539 

Parallel 30s 2 21106 3.69 1.42E+07 3774 1554 
Parallel 20s 1 24425 4.73 1.23E+07 5420 1786 
Parallel 20s 2 24484 4.77 1.15E+07 5086 1730 
Parallel 10s 1 26262 5.37 1.44E+07 7177 1994 

Parallel 10s 2 26170 5.36 1.47E+07 7144 1989 

*data considered are between 2 and 60 min. 405 

 406 
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 407 

Figure 3: Base-peak RPLC×RPLC-MS/MS chromatograms of a cell lystate of human IMR90 408 

lung fibroblast cells using the shifted-gradient method (A) and the parallel-gradient method 409 

using 30-second modulations (B) and 10-second modulations (C). 410 

  411 

https://doi.org/10.26434/chemrxiv-2023-n62vd-v2 ORCID: https://orcid.org/0000-0003-3361-7341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-n62vd-v2
https://orcid.org/0000-0003-3361-7341
https://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

4. Conclusions 412 

This study compared the use of shifted and parallel-gradients designs for the second dimension 413 

in correlated LC×LC separations. Shifted gradients can achieve the highest effective peak 414 

capacities and the narrowest peak widths. They also achieve significantly better surface 415 

coverage than conventional full-gradient approaches. However, to achieve high peak capacity 416 

2D  separations, high flow rates have to be used, reducing the MS sensitivity. Moreover, part 417 

of the separation space is solely used for 2D column re-equilibration, introducing gaps in the 418 

MS/MS analysis. 419 

Parallel-gradient provide lower effective peak capacity but have higher 2DLC surface 420 

coverage and sensitivity. Furthermore, this approach had a lower solvent consumption (35.7 421 

mL and 19.5 mL per run for shifted and parallel-gradients, respectively). Most importantly, in 422 

analyzing highly complex protein digests by MS/MS, parallel-gradients obtained significantly 423 

higher protein identification numbers than the shifted-gradient method. Moreover, reducing the 424 

modulation time (here to 10 seconds) allowed to exploit wrap-around effects, allowing to more 425 

evenly distribute the analytes within each modulation.   426 

In future studies, it may be valuable to consider these shorter modulation times for 427 

parallel-gradient designs in RPLC×RPLC. Moreover,  MS instrumentation with higher MS and 428 

MS/MS frequencies and data acquisition strategies such as MS/MS data-independent-analysis 429 

may be able to take even greater advantage of the extra separation power offered by LC×LC 430 

compared with that of 1D separations. Automated method development may aid in simplifying 431 

the design of both shifted and parallel gradient designs and may further improve the overall 432 

performance of such methods. Lastly, it should be repeated that striving for maximal peak 433 

capacity or surface coverage will not always contribute to the goal of the analytical method, 434 

and therefore the metric used to describe the performance of the separation should carefully be 435 

selected. 436 
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