
Analyst

PAPER

Cite this: Analyst, 2023, 148, 5980

Received 1st September 2023,
Accepted 17th October 2023

DOI: 10.1039/d3an01508d

rsc.li/analyst

A stationary phase with a positively charged
surface allows for minimizing formic acid
concentration in the mobile phase, enhancing
electrospray ionization in LC-MS proteomic
experiments†

Siddharth Jadeja,a Rudolf Kupcik,b Ivo Fabrik,b Hana Sklenářová a and
Juraj Lenčo *a

The default choice of mobile phase acidifier for bottom-up LC-MS proteomic analyses is 0.10% formic

acid because of its decent acidity, decent ion pairing ability, and low suppression of electrospray ioniza-

tion. In recent years, state-of-the-art columns have been designed specifically to provide efficient separ-

ation even when using an MS-friendly mobile phase of low ionic strength. Despite this, no attempts have

been made to improve the sensitivity of the MS-based analytical methods by reducing the amount of

formic acid in the mobile phase. In this study, we evaluated the effect of reduced formic acid concen-

tration in the mobile phase on the chromatographic behavior and MS response of peptides when separ-

ated using columns packed with a C18 stationary phase with a positively charged surface. Using 0.01%

formic acid in the mobile phase maintained excellent chromatographic performance and increased MS

signal response compared to the standard of 0.10%. The enhanced MS response translated to about 50%

improved peptide identifications depending on the complexity and amount of sample injected. The

increased retention of peptides at a reduced formic acid concentration was directly proportional to the

number of acidic residues in the peptide sequence. The study was carried out by covering a spectrum of

protein samples with varied complexity using analytical flow, micro-, and nanoflow regimes to expand the

applicability in routine practice.

1. Introduction

In proteomics, bottom-up refers to an analytical approach to
characterizing protein samples via peptide analysis. Despite
significant advancements in the field, the general method-
ology of this approach has not changed over the past two
decades. The proteins are cleaved into peptides using
sequence-specific proteases, then separated, usually using
reversed-phase liquid chromatography, and analyzed with
mass spectrometry online hyphenated via electrospray ioniza-
tion (RPLC-ESI-MS).1–4

The mobile phase used for bottom-up proteomic experi-
ments has traditionally been acidic. Historically, strong acids

such as trifluoroacetic acid (TFA, pKa = 0.3) were added in
small concentrations to the mobile phase to attain desired
acidic conditions. TFA at 0.1% concentration has a pH of 1.89
and keeps a majority of residual silanols of the C18 bonded
stationary phase in an undissociated state. Furthermore,
aqueous 0.1% TFA provides a high trifluoroacetate anion con-
centration of ∼12.7 mM, readily forming stable ion pairs with
basic amino acid residues and N-termini of peptides. As a
result, the retention of peptides increases, but more impor-
tantly, peptides are shielded from secondary interaction with a
portion of the silanol groups that still dissociate.5 However,
the advantages of using strong ion-pairing acidifiers in the
mobile phase quickly become a disadvantage when the liquid
chromatography is online hyphenated to ESI-MS. The stable
trifluoroacetate–peptide ion pairs are difficult to break during
electrospray ionization, inevitably leading to significant MS
signal suppression.6–9 Because of its appealing effects in the
RPLC of peptides, various efforts have been undertaken to
make TFA suitable for LC-MS proteomic analyses.10–15

In combination with modern stationary phases with signifi-
cantly reduced or even eliminated silanol activity, weaker acidi-
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fiers, such as formic acid (pKa = 3.75), have emerged as a suit-
able alternative for mobile phase acidifiers for peptide analysis
as they provide efficient separation without considerably sup-
pressing the ESI. Our research group recently surveyed 192
datasets on the ProteomeXchange repository for January–
March 2022. It established that 99% of publications reportedly
used formic acid as a mobile phase acidifier, of which 91%
considered 0.10% the optimum concentration for their LC-MS-
based proteomic analysis.3 The primary reason is the low ionic
strength of formic acid of only about 2 mM at 0.10% concen-
tration. The ability to form strong ion pairs with peptides at
such low concentrations is sparse, potentially leading to more
efficient ionization.

Despite very sensitive mass spectrometers being available,
the field of proteomics is constantly striving to improve the
detection efficiency of the LC-MS method. Many approaches
have emerged as possible solutions, including adding super-
charging agents such as DMSO and m-nitrobenzyl alcohol in
the mobile phase,16–18 addition of ethylene glycol in the
mobile phase,19 post-column addition of organic solvents,20

ESI in the presence of organic vapors,21,22 use of acetic acid as
mobile phase additive,23 etc. Despite all this research, very few
efforts have been made to further decrease the mobile phase’s
ionic strength by reducing its formic acid concentration and
obtaining a higher MS response via more efficient ESI. The
main reason behind this is that the peak shapes of analytes
with basic functional groups, including peptides, in such a
low ionic strength mobile phase can exhibit signs of
overloading.24,25

The peak distortions of basic analytes and peptides due to
the overloading effect in low ionic strength acidic mobile
phases in LC-MS analyses motivated the column manufac-
turers to focus on modifications of the stationary phase
surface. In 2010, Waters introduced a C18 stationary phase
with a positively charged surface. This charged variant of their
ethylene-bridged hybrid (BEH) particles was specifically
designed to provide optimal separation using an MS-friendly
mobile phase with negligible ionic strength.26 Nováková et al.
demonstrated that the marketed Charged Surface Hybrid
(CSH) stationary phase separates small basic analytes even at a
shallow concentration of acid additives, such as 0.01% formic
acid and 0.01% acetic acid.27 We hypothesize that the CSH
stationary phase could efficiently separate also peptides at
much lower formic acid concentrations in the mobile phase
than that of 0.10%, traditionally employed in bottom-up
LC-MS analyses. The reduced formic acid concentration in the
mobile phase should further decrease the number of anions
capable of forming ion pairs with protonated peptides and, in
turn, further alleviate ESI suppression. Besides, our research
group recently revealed that a combination of low pH and high
column temperature, often used for bottom-up proteomic
experiments, induces unwanted changes in peptide bonds and
amino acid residues.28 We hypothesize that lowering the
formic acid concentration might also minimize the low pH-
associated thermal in-column degradation and artificial modi-
fication of peptides.

This work was motivated to evaluate the effect of reduced
formic acid concentration in the mobile phase on MS sensi-
tivity and peptide separation using columns packed with a C18

stationary phase with a positively charged surface. In this
study, we have derived the optimum minimal formic acid con-
centration that could be used as an additive in the mobile
phase to obtain satisfactory chromatographic separation of
peptides with maximum MS signal response in LC-MS bottom-
up proteomic analyses. The impact of reducing the acidity of
the mobile phase on in-column artificial modification of pep-
tides was also investigated.

2. Experimental
2.1. Reagents and materials

Reagents and chemicals were purchased from Merck/Sigma-
Aldrich in the best available grade. LC-MS grade solvents and
mobile phase additives were purchased from Merck or Thermo
Fisher Scientific. Peptides G̲A̲G ̲SSEPVTGLDAK, Y̲I ̲L̲AGVENSK,
T̲P ̲V ̲ITGAPYEYR, A̲D ̲V ̲TPADFSEWSK, and G̲T ̲F̲IIDPAAVIR from
the well-characterized iRT set and standard peptides acetyl-
G ̲G̲G ̲LGGAGGLKG, acetyl-K ̲Y̲G̲LGGAGGLKG, acetyl-
G ̲G̲A ̲VKALKGLKG, and acetyl-K̲Y ̲A̲LKALKGLKG with varied
charges from the Alberta set were synthesized by Royobiotech
(China).29,30 The first three letters of the peptide sequence is
used to represent each peptide in graphs and tables hence-
forth. Unused leftovers of reconstituted trastuzumab
(Herceptin®, Roche) were received from Multiscan Pharma
(Czech Republic).

2.2. Instrumentation and column

Analytical flow and microflow LC-MS setup. Agilent 1260
Infinity II with UV detection was used for the experiments in
which analyte identification was not essential. LC-MS analyses
were performed using a Vanquish Horizon UHPLC system
coupled with a Q Exactive HF-X mass spectrometer (Thermo
Fisher Scientific). The analytes were introduced into the mass
spectrometer at 3.5 kV through a 0.003-inch spray needle
installed in the HESI-II probe.

The separation columns used in the study were 2.1 ×
150 mm Acquity UPLC BEH C18, 2.1 × 150 mm Acquity
Premier CSH C18, and 1.0 × 150 mm Acquity UPLC CSH C18.
All the separation columns were packed with 1.7 µm particles
with 130 Å pore size and were procured from Waters. The
mobile phase used during the entire study was mixed from
components A (water) and B (acetonitrile), both acidified with
varying concentrations of formic acid. Before initiating sample
injections, the LC systems were purged, and the whole flow
paths were conditioned with the desired concentration of
formic acid for an hour, followed by at least three blank
injections.

Nanoflow LC-MS setup. Nanoflow LC-MS analysis was per-
formed using the Ultimate 3000 RSLCnano system hyphenated
to a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific). The system was modified for direct injection mode
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as follows. The outlet of the NC pumps was connected to the
injection valve of the Ultimate 3000 RSLCnano autosampler
via a fused silica capillary (20 μm × 550 mm). The injection
valve was equipped with a one μL sample loop, and the modi-
fied μlPickUp sample loading mode was performed with 0.5 μL
sample plugs before and after the sample loop, using a total of
only two μL of peptide sample (1 μL injected). The sample was
transported to the separation column via a fused silica capil-
lary (20 μm × 950 mm). Separation was performed on the
75 µm × 250 mm nanoEase M/Z Peptide CSH C18 column,
packed with 130 Å, 1.7 µm particles (Waters) with a fused-silica
capillary outlet shortened to approximately 15 mm and termi-
nated with a 40 mm stainless steel emitter (Thermo Fisher
Scientific) connected using a MicroTight Union and PEEK
sleeve (IDEX Health & Science). The column was placed in the
Nanospray Flex ion source equipped with Butterfly Heater
PST-BPH-20 (Phoenix S&T) and maintained at 60 °C. An elec-
trospray voltage of 1.8 kV was applied directly to the emitter.
Between experiments, the mobile phase components, sampler
wash fluid, and transport fluid were replaced with those con-
taining the desired formic acid concentration, the nanoLC
system was purged, and the entire flow path was conditioned
for at least seven hours, followed by at least three blank
injections.

The MS1 settings and settings for the data-dependent
acquisition (DDA) experiments are specified in the ESI
(Table S1†).

2.3. Sample preparation

Trypsin digestion of trastuzumab. Trastuzumab (500 µg) was
digested using a SMART digest kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions.31 Subsequently,
the disulfide bonds were reduced in 5 mM tris(2-carboxyethyl)
phosphine at 37 °C for 60 min. The thiol groups were blocked
in 20 mM S-methyl methanethiosulfonate at 22 °C for 60 min.
The sample was acidified using 10% TFA. The acidified
sample was filtered and desalted using the Pierce Peptide
Desalting spin column (Thermo Fisher Scientific). The
desalted peptides were vacuum-dried and reconstituted in
0.1% TFA to a 1 µg µL−1 concentration, avoiding undesired
formylation.32

Trypsin digestion of F. tularensis proteins. The Francisella
tularensis live vaccine strain (LVS) was obtained from
Chamberlain medium culture with OD600 of 0.6 to 0.7. The
sample was washed and lysed in 2% sodium deoxycholate at
70 °C for 5 min. The protein concentration was determined
using a bicinchoninic acid assay (Merck/Sigma Aldrich). One
milligram of protein was buffered with 1 M Tris-HCl, pH 7.5
(Serva), and incubated with 1 µL (∼250 units) of benzonase.
The proteins were reduced in 20 mM dithiothreitol, and the
cysteine groups were blocked using 50 mM chloroacetamide.
The proteins were digested using SOLu–trypsin (Merck/Sigma
Aldrich) in a 1 : 50 ratio at 37 °C overnight. The digest was acid-
ified with TFA, and the precipitated deoxycholic acid was
extracted using liquid–liquid extraction into ethyl acetate.33

The supernatant was desalted using the Pierce Peptide

Desalting spin columns. The desalted peptides were vacuum-
dried and reconstituted to a concentration of 1 µg µL−1 in
0.1% TFA.

Trypsin digestion of Jurkat cell proteins. The Jurkat cells
(ATCC TIB-152) were cultured in 150 cm2 cultivation flasks
(TPP) in RPMI 1640 medium supplemented with 10% fetal
bovine serum. Cells were washed with phosphate-buffered
saline and lysed on ice with 2.5% sodium deoxycholate con-
taining 125 U mL−1 benzonase. The protein concentration was
determined using a bicinchoninic acid assay. One milligram of
proteins was digested using a similar procedure as specified
for the F. tularensis LVS and reconstituted to 1 µg µL−1 concen-
tration in 0.1% TFA.

Trypsin digest of HeLa cell proteins. The lyophilized Pierce
HeLa Protein Digest Standard (Thermo Fisher Scientific) was
reconstituted to a concentration of 100 ng μL−1 in 2% ACN,
0.01% formic acid, and then diluted with 2% ACN, 0.01%
formic acid to a concentration range of 2.5–100 ng μL−1.

2.4. Methods

All samples were injected as triplicates from the lowest to the
highest concentration.

Effect of mobile phase with a reduced formic acid concen-
tration on LC-MS performance using CSH separation column.
A mixture of iRT and Alberta peptides was separated on 2.1 ×
150 mm ACQUITY UPLC BEH and ACQUITY UPLC CSH
Premier column. The linear gradient ramping from 1% to 45%
component B in 12 min with a 250 μL min−1 flow rate was
used, and the columns were thermostated at 60 °C. Both
mobile phase components were acidified with a decreasing
concentration of formic acid, specifically 0.10%, 0.08%,
0.06%, 0.04%, 0.02%, and 0.01%. The eluted analytes were
detected using the UV detector at the wavelength set to
214 nm. The chromatographic performance was characterized
using retention time (tR), peak width at half maximum (w50%),
and the USP symmetry factor (As).

With an aim to evaluate the effect of reduced formic acid
concentration in the mobile phase on MS signal intensity, a
mixture of iRT and Alberta peptides was separated on 2.1 ×
150 mm ACQUITY UPLC CSH Premier column using a similar
LC condition with mobile phase acidified with 0.10% and
0.01% formic acid. The peak height representing the MS
signal intensity and peak area obtained from Skyline extracted
chromatograms were used to assess the effect of formic acid
concentration on the MS signal response of peptides.34

Effect of mobile phase with a reduced formic acid concen-
tration in analysis of protein sample with low complexity.
Tryptic peptides of 0.5 µg trastuzumab were separated in 2.1 ×
150 mm ACQUITY UPLC CSH Premier column heated at 80 °C
using mobile phase acidified with the control condition 0.10%
formic acid and three selected reduced conditions, specifically
0.03%, 0.02%, and 0.01% formic acid. A linear gradient was
used from 0.5% to 34.5% component B in 20 min at a flow
rate of 250 µL min−1. The MS response was assessed based on
the peak height of the identified peptides, and the chromato-
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graphic performance was evaluated using the w50% values
obtained from the Skyline results.

Effect of mobile phase with a reduced formic acid concen-
tration in analysis of protein sample with moderate complex-
ity. One microgram of F. tularensis LVS tryptic digest was separ-
ated on 1.0 × 150 mm ACQUITY UPLC CSH column using a
linear gradient from 0.5% to 36.5% component B in 40 min at
a 50 µL min−1 flow rate. The mobile phase was acidified with
three low concentrations of formic acid, specifically 0.03%,
0.02%, and 0.01%, and the results obtained were compared
with the control, 0.10% formic acid in the mobile phase. The
separated analytes were introduced into MS. The LC-MS per-
formance was evaluated based on the total peptide intensity
obtained and the number of peptides identified from the
MaxQuant output table.35

Effect of mobile phase with a reduced formic acid concen-
tration in analysis of protein sample with high complexity. Ten
µg of the tryptic digest of Jurkat cells proteins were separated
using mobile phase acidified with 0.10% and 0.01% formic
acid coupled with 1.0 × 150 mm ACQUITY UPLC CSH column
using a 120 min linear gradient from 0.5% to 36.5% com-
ponent B at 50 µL min−1 flow rate. In order to understand the
effect of formic acid concentration on temperature-mediated
in-column artificial modification of peptides, the separation
column was thermostated at 80 °C.

Effect of mobile phase with a reduced formic acid concen-
tration in nanoLC system for bottom-up proteomics. A serial
dilution of the HeLa cell tryptic digest was separated on the
75 µm × 250 mm nanoEase M/Z Peptide CSH C18 column
using a mobile phase acidified with 0.10% and 0.01% formic
acid. Separation was performed with a 60 min segmented gra-
dient from 2% to 28.9% component B in 54 min and from
28.9% to 37.1% component B in 6 min at a 250 nL min−1 flow
rate.

2.5. LC-MS data evaluation

The LC-MS data obtained from the trastuzumab were searched
in Byonic v3.5 against the FASTA of trastuzumab downloaded
from the Drug Bank.36,37 A fully specific search was chosen,
and the mass tolerance was set to 5 ppm for precursors and
20 ppm for fragment ions. The peptides were screened for 57
N-glycans, typical for human plasma proteins.
Methylthiolation of cysteine was set as a fixed modification,
while methionine oxidation and cyclization of N-terminal glu-
tamate and glutamine were selected as variable modifications.
For quantitative evaluation, MS1 peak extraction was per-
formed for the identified peptides stored in the prepared spec-
tral library using Skyline v22.2.34 Maximum precursor peak
and transition peak with the highest rank were filtered. We
evaluated 56 peptides commonly identified in all conditions.

The LC-MS data acquired from complex protein samples
were searched using the Andromeda search engine38 in
MaxQuant v 2.0.1.0.35 The FASTA database of Francisella tular-
ensis (UP000076142) and a human FASTA database
(UP000005640) downloaded from UniProt were used for
respective LC-MS data. The search parameters were set to

carbamidomethylation of cysteine as fixed modifications and
methionine oxidation, cyclization of N-terminal glutamate and
glutamine, N-terminal acetylation, dehydration of Asp and dea-
midation of Asn as variable modifications to assess in column-
generated artificial modifications. The mass spectra were reca-
librated with a peptide tolerance of 20 ppm first. The main
search was carried out with a mass tolerance of 4.5 ppm.
Fragment ion mass tolerance was set to 20 ppm. The results
were filtered with a false discovery rate of 0.01.

GraphPad v9.4 was used to plot the graphs. The quantitative
Venn diagrams were prepared using BioVenn and redrawn in
GraphPad.39 Unless otherwise stated, all analyses were per-
formed in triplicates, and the second replicate was used for
representative demonstration.

The acquired LC-MS data files and output result data were
deposited in the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD044781.40,41

3. Results and discussion
3.1. Effect of mobile phase with a reduced formic acid
concentration on LC-MS performance using CSH separation
column

First, it was essential to understand if a separation column
with the CSH stationary phase can be used with a reduced
formic acid concentration in the mobile phase without adverse
effects on the chromatographic separation of peptides. To this
end, we compared the chromatographic performance of the
BEH column with the equivalent column packed with the CSH
stationary phase by separating individual mixtures of iRT and
Alberta peptides using mobile phase acidified with different
concentrations of formic acid ranging from 0.10% to 0.01%.
iRT peptides are well-characterized peptides used as standards
to estimate the retention times for other peptides in a relative
manner.29 The four Alberta peptides contain 1–4 lysine resi-
dues, which protonate in an acidic mobile phase and bear the
charge from +1 to +4. The N-terminals are acetylated; hence,
no charge develops on them. These Alberta peptides are syn-
thetically alike, making them ideal candidates to evaluate the
effect of formic acid concentration in the mobile phase on
peptides with diverse charge states.30

Effect on retention of peptides. Higher retention of peptides
was observed on the BEH column compared to the CSH
column, which is in line with previous literature findings.26

Using reduced formic acid concentration in the mobile phase
from 0.10% to 0.01%, a decrease in retention was observed for
iRT peptides when separated on the BEH column. In contrast,
the reduction in acidifier concentration led to increased reten-
tion when separated on the CSH column, favoring peptides
with more acidic residues (Fig. 1 and Table 1). The conse-
quence of reducing the formic acid concentration is an
increase in the mobile phase pH from 2.63 to 3.20 (Table S2 in
ESI†). Hence, the increased retention of peptides with acidic
residues is likely because of the pH-dependent deprotonation
of carboxyls on their amino acid side chains, improving the
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ionic attraction between the peptides and the positively
charged stationary phase.42 For Alberta peptides, a negative
shift in retention was observed on both separation columns
when the formic acid concentration was reduced. The extent of
this shift was directly proportional to the number of charges
on the peptide sequence. A similar finding was demonstrated
by Mant et al. The greater the positive charge on the peptide,
the higher the effect of acidifier concentration on its reten-
tion.43 However, this negative trend was more prominent when
the Alberta peptides were separated on the BEH separation
column compared to the CSH column (Table 1). The actual
reason for this is not apparent to us as of now.

Effect on the separation performance of peptides. The peak
width at half maximum w50% and the USP symmetry factor As
were calculated for the peptide peaks to evaluate the separ-
ation performance. The chromatographic parameters of pep-
tides on the CSH column remained very satisfactory, irrespec-
tive of the formic acid concentration in the mobile phase. On
the other hand, the peak shape, especially for highly charged
Alberta peptides, worsened at low concentrations of formic
acid when separated on the BEH column (Fig. 2 and 3).
Peptide ADVTPADFSEWSK displayed peak shape distortion
when separated at the low formic acid concentration on the
BEH column but not the CSH column (Fig. 2). The reason
behind this is assumed to be the presence of two aspartic
acids and one glutamic acid group in the peptide sequence,
which are proven to have the metal chelating ability when sep-
arated using a mobile phase with weak ionic strength.44 The
CSH Premier column coated with a biocompatible material
inhibited such metal interaction.3,45

Our result concluded that the peptides could be effectively
separated on separation columns packed with the CSH station-
ary phase using mobile phase acidified even with a mere
0.01% formic acid, which is not possible when using an equi-
valent uncharged stationary phase of identical properties.
Nevertheless, we do not recommend further reducing the con-
centration of formic acid as signs of peak broadening, yet still

Fig. 1 Effect of varied formic acid concentration in the mobile phase
on retention time (tR) of peptides. The retention time of iRT peptides
on 2.1 × 150 mm BEH (A) and CSH column (B). The retention time of
Alberta peptides separated on 2.1 × 150 mm BEH (C) and CSH
column (D).

Table 1 Average retention time shift (ΔtR) in minutes for iRT and
Alberta peptides when separated on 2.1 × 150 mm BEH and CSH
column using the mobile phase containing 0.10% and 0.01% formic acid

Peptide ΔtR, BEH ΔtR, CSH

GAG −0.203 0.095
YIL −0.207 0.140
ADV −0.090 0.420
GTF −0.370 0.070
TPV −0.270 0.037
ac-GGG+1 −0.240 0.057
ac-KYG+2 −0.353 −0.063
ac-GGA+3 −0.463 −0.140
ac-KYA+4 −0.557 −0.193

Fig. 2 Effect of varied formic acid concentration in the mobile phase
on the symmetry factor (As) of separated peptides. The symmetry factor
of iRT peptide peaks on 2.1 × 150 mm BEH (A) and CSH column (B). The
symmetry factor of the Alberta peptide peaks separated on 2.1 ×
150 mm BEH (C) and CSH column (D).
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acceptable, appeared in the CSH stationary phase when it was
0.01% (Fig. 3B and D).

Effect of reduced concentration of formic acid on MS signal
intensity of peptides when separated using the CSH column.
We observed a maximum of approximately 200% increase in
peak height and peak area of the iRT and Alberta peptides by
decreasing the formic acid concentration in the mobile phase
to 0.01% compared to the control 0.10% (Fig. 4). The chroma-
tographic separation of peptides in both conditions is compar-
able, as displayed in Fig. S1 (ESI†). The results thus confirmed
our primary hypothesis that reducing the formic acid concen-

tration in the mobile phase could improve ESI-MS signal
response. Apart from the reduction in the amount of anions
capable of forming ion pairs, other factors might also be
involved in the MS sensitivity enhancement, but these were
not investigated under the scope of this study.

3.2. Effect of mobile phase with a reduced formic acid
concentration in analysis of protein sample with low
complexity

Inspired by the appealing results from the first set of experi-
ments using a simple mixture of standard peptides, we sought
to confirm the hypothesis independently using a more
complex sample. Separating the tryptic peptides derived from
trastuzumab using 0.01% formic acid as an acidifier, we
observed a 68% increase in the averaged total MS signal inten-
sity of all 56 identified peptides (Fig. 5A–C). However, this led
to only a marginal increase of 5% in number of identified pep-
tides. The reason behind this was assumed to be the low com-
plexity of the sample with fewer peptides to identify, sufficient
injected amount, and sensitive MS instrument that led to
almost 98% sequence coverage already in the control con-
dition. Hence, the further gain in MS signal could not be
translated into a significant improvement in the number of
identified peptides.

To confirm if the improvement in the MS signal response
obtained from the previous experiment is indeed associated
with the formic acid concentration in the mobile phase, a
similar experiment using mobile phase acidified with different
concentrations of formic acid, yet significantly lower (0.03%
and 0.02%) than the control, was performed. We observed a
clear improvement in the MS signal intensity when using a
lower formic acid concentration. However, the average total MS
signal intensity increase of all 56 identified peptides was calcu-
lated to be 53% and 29% for 0.02% and 0.03% formic acid,
respectively. This proves that the MS signal intensity is inver-
sely proportional to the concentration of formic acid in the
mobile phase (Fig. 5C).

When tryptic peptides of trastuzumab were separated with
a mobile phase containing 0.01% formic acid, their elution
order was practically identical to the control condition of
0.10% formic acid (Fig. 5D). An average increase in retention
of 0.26 min was observed for all identified peptides upon redu-
cing the acidifier concentration to 0.01%. Further investigation
confirmed our findings that the increase in pH of the mobile
phase caused by the reduction of formic acid concentration
leads to a disproportional positive shift in retention, favoring
peptides with a higher number of aspartic acid and glutamic
acid (Fig. 5E). The peak width of the peptide peaks separated
using the mobile phase with 0.01% formic acid was almost
identical to those separated with 0.10% formic acid in the
mobile phase (Fig. 5F).

We believe this simple approach may enable the detection
of some low-abundant modifications without increasing the
injection load in the analysis of biopharmaceuticals using
ever-more popular multi-attribute methods.46,47

Fig. 3 Effect on the separation performance of peptides separated
using a varied formic acid concentration in the mobile phase. The peak
width (w50%) of iRT peptide peaks on 2.1 × 150 mm BEH (A) and CSH
column (B). The peak width of the Alberta peptide peaks separated on
2.1 × 150 mm BEH (C) and ACQUITY UPLC CSH column (D).

Fig. 4 The MS signal intensity (A) and peak area (B) of peptides separ-
ated using mobile phase acidified with 0.10% and 0.01% formic acid on
2.1 × 150 mm CSH column. The values above each bar represent the
percentage change.
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3.3. Effect of mobile phase with a reduced formic acid
concentration in analysis of protein sample with moderate
complexity

The samples used for bottom-up proteomic analysis are gener-
ally of high complexity and not just one protein. Hence, we
decided to test the optimized method on more complex
protein samples.

Our next aim was to ascertain the optimum minimum
formic acid concentration in the mobile phase for bottom-up
analysis of complex protein samples. Lenčo et al. successfully
demonstrated that under optimized conditions and with
sufficient sample amount, separation columns with an inner
diameter of 1.0 mm could provide a number of identifications
comparable to a nanoflow column.48 Since then, the microflow
LC-MS regime using a 1.0 mm inner diameter for protein ana-
lysis has been gaining popularity.49

In line with our previous findings, one microgram of
F. tularensis LVS tryptic digest, when separated using mobile
phase with 0.01% formic acid on a CSH column with 1.0 mm
inner diameter, provided 63% improved total peptide intensity
compared to the control condition of 0.10% formic acid. This
intensity gain was relatively low, 13% and 35%, when 0.03% and
0.02% formic acid were employed as mobile phase acidifiers and
compared with the control condition of 0.10% formic acid
(Fig. 6A). Despite these gains in intensity, the effect of reducing
the formic acid concentration sparsely translated to an increase
in the extent of identification, 3.8%, 3.4%, and 3.2% for 0.03%,
0.02%, and 0.01% formic acid, respectively. We strongly believe

this was because of the superior sensitivity of the MS instrument
and the DDA mode. At the mass load of one microgram, most
peptide peaks were likely above the DDA threshold and were
selected for fragmentation. Hence, an additional increase in the
MS signal intensity did not significantly increase the number of
fragmented precursors and thereby identified peptides. To
confirm this, we evaluated the effect of reduced formic acid con-
centration in the mobile phase when the sample with different
sample loads was analyzed.

Our hypothesis was strongly supported by the dilution experi-
ment of the F. tularensis LVS tryptic digest, which revealed a dis-

Fig. 5 Base peak chromatogram of 0.5 μg of tryptic peptides of trastuzumab separated on 2.1 × 150 mm CSH column using mobile phase acidified
with 0.10% (A) and 0.01% (B) formic acid in the mobile phase. The total peptide intensity of all identified peptides when using the mobile phase with
a reduced formic acid (0.03%, 0.02%, and 0.01%) concentration compared to the control (0.10% in red); the numeric value represents the percentage
gain (C). Correlations between retention time of peptides separated using mobile phase acidified with 0.10% and 0.01% formic acid (D). Retention
time shifts (ΔtR) depending on the number of acidic residues in the peptide sequence (E). The peak width (w50%) for the identified peptides when
separated using mobile phase acidified with 0.10% (red) and 0.01% (blue) formic acid with the numeric value and line representing the mean (F).

Fig. 6 Total MS intensity of all identified peptides when separated on
1.0 × 150 mm CSH column using mobile phase acidified with low formic
acid concentrations of 0.03%, 0.02%, and 0.01% compared to control
0.10% formic acid (A). Peptide identification using mobile phase acidified
with 0.10% formic acid and 0.01% formic acid (B).
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proportional advantage of using a mobile phase with low formic
acid concentrations for samples with low quantity (Fig. 6B).

Tryptic digest of F. tularensis LVS of amounts varied
between 50 ng up to 2.5 µg was separated using identical
LC-MS conditions. For a 2.5 µg sample injected, a 62% gain in
total peptide intensity translated to only a 2% increase in
identification, whereas an 85% gain in total peptide intensity
led to a 56% increase in peptides identified for a 50 ng of the
digest on using 0.01% formic acid as mobile phase acidifier
compared to 0.10% formic acid (Fig. 6B). The results con-
firmed that using the mobile phase with low formic acid con-
centration provides a disproportional advantage, specifically
for samples injected in low quantities.

Sample carryover has been a problem that has troubled
researchers performing LC-MS analysis of protein samples.
Due to the increased sensitivity of mass spectrometers, even
the smallest sample carryover could influence the result. As
the affinity of most peptides towards the C18 stationary phase
increases with a decrease in formic acid concentration in the
mobile phase when separated on the CSH column, we evalu-
ated its impact on carryover. We did not observe any signifi-
cant influence of reducing the formic acid concentration in
the mobile phase on sample carryover. Total peptide intensity
in the blank after injecting triplicate injections of 1 µg
F. tularensis LVS tryptic digest was found to be just 0.030% and
0.026% for 0.01% formic acid and 0.10% formic acid contain-
ing mobile phase, respectively, which further dropped to
0.004% and 0.002% in the following blank injections. The
study clearly demonstrated the advantage of using a mobile

phase with low formic acid concentration to analyze bacterial
whole-cell lysate with minimal adaptation to existing workflow.

3.4. Effect of mobile phase with a reduced formic acid
concentration in analysis of protein sample with high
complexity

In bottom-up proteomics, researchers often use extended gra-
dients to separate the complex samples in the LC column to
obtain improved protein coverage. Hence, to further
strengthen the impact of our study, we decided to evaluate the
effect of reduced formic acid concentration in the mobile
phase for analysis of a complex protein digest separated over
an extended LC gradient.

An increase of total peptide intensity of 90% was observed
when the tryptic digest of Jurkat cells proteins was separated
on the 1.0 × 150 mm CSH column using mobile phase acidi-
fied with 0.01% formic acid as an acidifier (Fig. 7A–C). This
increase in intensity translated to a 26% enhancement in the
total number of peptides identified (Fig. 7D). The additional
peptides identified exclusively in the low formic acid condition
had lower median intensity in comparison to peptides identi-
fied in both conditions (median of 4.2 × 106 for additional
unique peptides versus a median of 9.0 × 106 for common pep-
tides) as presented in Fig. S2 of ESI,† rationalizing that the
additional peptides identified are relatively low in intensity
and might not have crossed the MS1 intensity threshold for
triggering a DDA scan when analyzed using mobile phase with
0.10% formic acid which is now possible to identify in low
formic acid conditions.

Fig. 7 Base peak chromatogram of 10 μg of tryptic peptides of Jurkat cells separated on 1.0 × 150 mm CSH column using 0.10% (A) and 0.01% (B)
formic acid as mobile phase acidifiers. Total MS intensity of all identified peptides (C) and numbers of peptides (D) identified for Jurkat cells digest
when separated using mobile phase acidified with 0.10% and 0.01% formic acid as mobile phase additive. Quantitative Venn diagram of unique
peptide sequence identified across all triplicates for both conditions (E). Correlations between retention time (tR) of Jurkat cells peptides separated
using mobile phase acidified with 0.10% and 0.01% formic acid (F).
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An average positive retention time shift of approximately
0.2% was observed for the peptides identified using 0.01%
formic acid compared to 0.10% formic acid. However, the
elution pattern for the peptides was practically comparable for
both conditions (Fig. 7F).

To understand the effect of reduced formic acid concen-
tration on in-column artificial modification of peptides, we
inspected the occurrence of modifications routinely examined
in LC-MS proteomic data evaluation. There was a slight but
not significant increase in the number of modified peptides
identified when using a low concentration of formic acid as an
acidifier (Fig. S3 in ESI†). However, this is likely the result of
improved intensity that led to increased identification of these
modified peptides.

3.5. Effect of formic acid concentration on nanoLC system
for bottom-up proteomics

Despite published studies demonstrating the efficiency of
higher flow regimes for bottom-up proteomic application,
nanoLC systems are still a workhorse in the majority of
research labs for their sensitivity.3 Considering this, we evalu-
ated the effect of reduced formic acid in the mobile phase for
bottom-up proteomic application on nanoflow chromato-
graphic systems hyphenated to MS.

We observed an improvement in the number of identified
peptides using mobile phase acidified with 0.01% formic acid
compared to 0.10%. Reduced formic acid as a mobile phase
acidifier proved advantageous for protein digest analysis, par-
ticularly in very low amounts of 2.5 and 5 ng, with 41% and
21% improvement in the number of identified peptides
(Fig. 8). The exact reason for this over-proportional benefit of
using low concentrations of formic acid for samples with low
amounts is not apparent to us yet. However, a similar obser-
vation was documented by Hahne et al. when using DMSO as
a mobile phase additive to enhance the ESI-MS response.16

4. Conclusions

In this study, we evaluated the effect of reduced formic acid
concentration as a mobile phase acidifier on chromatographic

separation and MS performance using columns packed with
the C18-bonded reversed-phase particles with a positively
charged surface. When using the CSH stationary phase, pep-
tides can be efficiently separated even using a mobile phase
acidified with a mere 0.01% formic acid. The results further
demonstrate that using 0.01% formic acid as a mobile phase
acidifier instead of the standard 0.10% combined with the sep-
aration columns with CSH stationary phase improves MS sen-
sitivity with comparable chromatographic separation perform-
ance. The maximum benefit of this approach is when the
sample analyzed is less in amount and hence is worth consid-
ering for sample analysis with sparse quantities. Furthermore,
this method can be incorporated at minimal additional cost or
modification in the existing instrument setup, and no other
chemicals are needed. The study further confirms the
efficiency of the CSH stationary phase in the bottom-up proteo-
mic application using a low ionic strength mobile phase. As
some analysts are interested in using weaker ion pairing addi-
tives to improve the MS signal response for their bottom-up
proteomic application, we believe that the result findings will
encourage them to use such modified stationary phase
columns for better chromatographic performance in their
required conditions. For existing CSH separation column
users, reducing the concentration of formic acid in the mobile
phase will improve peptide retention, thereby reducing the
loss of some hydrophilic species during the injection. The pH
change caused by reducing the formic acid concentration to
0.01% seems to be minuscule, and, unfortunately, it does not
benefit in minimizing the low pH-based in-column degra-
dation and artificial modification of peptides.

To expand the applicability of the presented approach, we
tested this concept on samples with varied complexity, separ-
ation columns with different dimensions, and using both
microflow and nanoflow setups. We strongly believe that the
findings of this study will encourage analysts performing
bottom-up proteomics and aiming for improved MS intensity
to implement this simple approach before resorting to compli-
cated and expensive alternatives.
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0.01% formic acid on a nanoLC system.
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