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CZE-MS peptide mapping: To desalt or not to desalt? 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Peptide maps of desalted digests were 
compared to those of non-desalted 
digests. 

• Benefits in sequence coverage can be 
gained compared to desalted samples. 

• Desalting offered no considerable bene
fits in sensitivity compared to non- 
desalted samples. 

• Sample clean-up in BUP sample prepa
ration prior to CZE-MS can be omitted.  
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A B S T R A C T   

Background: In “shotgun” approaches involving high-performance liquid chromatography or capillary zone 
electrophoresis (CZE), matrix removal prior to sample analysis is considered as an indispensable tool. Despite the 
fact that CZE offers a high tolerance towards salts, most publications reported on the use of desalting. There 
seems to be no clear consensus on the utilization of desalting in the CZE-MS community, most probably due to 
the absence of works addressing the comparison of desalted and non-desalted digests. Our aim was to fill this 
research gap using protein samples of varying complexity in different sample matrices. 
Results: First, standard protein digests were analyzed to build the knowledge on the effect of sample clean-up by 
solid-phase extraction (SPE) pipette tips and the possible stacking phenomena induced by different sample 
matrices. Desalting led to a somewhat altered peptide profile, the procedure affected mostly the hydrophilic 
peptides (although not to a devastating extent). Nevertheless, desalting samples allowed remarkable stacking 
efficiency owing to their low-conductivity sample background, enabling a so-called field-amplified sample 
stacking phenomenon. Non-desalted samples also produced a stacking event, the mechanism of which is based on 
transient-isotachophoresis due to the presence of high-mobility ions in the digestion buffer itself. Adding either 
extra ammonium ions or acetonitrile into the non-desalted digests enhanced the stacking efficiency. A complex 
sample (yeast cell lysate) was also analyzed with the optimal conditions, which yielded similar tendencies. 
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Significance: Based on these results, we propose that sample clean-up in the bottom-up sample preparation 
process prior to CZE-MS analysis can be omitted. The preclusion of desalting can even enhance detection 
sensitivity, separation efficiency or sequence coverage.   

1. Introduction 

Proteomics is a field of study addressing the extensive character
ization of the proteome. Mass spectrometers (MS) have a leading role in 
determining a wealth of information about protein samples, including 
quantitative and qualitative aspects as well as the identification and 
localization of post-translational modification, etc [1,2]. A typical 
bottom-up proteomic (BUP) workflow consists of the hydrolysis of 
proteins into peptides, the separation of these peptides by high perfor
mance liquid chromatography (HPLC) or capillary electrophoresis (CE) 
and their tandem MS detection [3]. The use of bioinformatics tools en
ables the identification of peptides and ultimately proteins in our 
sample. 

Among the myriad of BUP-related publications, reverse-phased 
liquid chromatography (RPLC) still seems to be dominating the stage. 
However, the significance of capillary (zone) electrophoresis (CZE) is 
also increasing [4,5], mostly due to the orthogonal separation mode it 
offers, which is best demonstrated by works comparing the performance 
of RPLC and CZE for a given sample [6–14]. The results obtained show 
that the two methods complement each other to some extent regarding 
peptide and protein identifications. Several groups have harnessed this 
complementarity by utilizing both chromatographic and electrophoretic 
dimensions either as SPE - multistep elution - CZE workflows [7,15–19] 
or “true” LC-CZE-MS/MS systems [19–26], which typically enhanced 
proteome coverage. 

Historically, the general discontent with CZE-MS derives from the 
fact that its sensitivity lags behind that of HPLC-MS, mostly because of 
the low injection volumes (few nL) and the dilution of the CE effluent by 
the sheath liquid. The relatively poor concentration sensitivity of CZE 
inhibits the acquisition of sufficient MS/MS spectral data. There has 
been considerable improvement in CZE-MS performance, which can be 
attributed to the evolution of interfacial designs and the utilization of 
on-line sample enrichment techniques (where analytes present in a large 
injected volume are transferred to a narrow, concentrated zone). The use 
of on-line preconcentration strategies is quite convenient since the 
process requires no additional modification of instrumental setup – 
analytes accummulate on the boundaries of a discontinuous liquid sys
tem (i.e. solutions having different physicochemical properties) due to 
changes in their velocities. Electrophoretic preconcentration comes in 
many forms, including field-amplified sample stacking (FASS) [8,15, 
27], transient isotachophoresis (t-ITP) [28–30], dynamic pH-junction 
(DPJ) [19,21,31] or pH barrage [32,33]. Analyte enrichment is gener
ally achieved by the proper pairing of BGE and sample (matrix) com
positions. This pairing is based on differences in conductivity (FASS), pH 
(dynamic pH junction) or salt content (t-ITP) between the BGE and the 
sample solution, however, this implies that samples need to be processed 
following digestion to fit the requirements of efficient stacking condi
tions [34]. Most BUP workflows using CE-MS resort to a preconcentra
tion technique or a combination of those (Table S1). 

The enzymatic cleavage of proteins is usually preceded by a series of 
sample preparation steps in order to render the protein accessible by 
proteases. In general, these steps include denaturation (e.g., heat, urea, 
thiourea, guanidine-HCl, Rapigest™), reduction (e.g., dithiotreitol 
(DTT), tris(2-carboxyethyl)phosphine hydrochloride (TCEP)) and 
alkylation of cysteine residues (e.g., iodoacetamide (IAA), chlor
oacetamide). The optimum pH for digestion is ensured by dilution with 
an appropriate buffer (e.g., ammonium bicarbonate (AB), Tris-HCl). 
After proteolysis, the reaction is quenched by acidification (e.g., for
mic acid (FA), trifluoroacetic acid (TFA)). Sample cleanup is commonly 
carried out using C18 solid phase extraction (SPE). SPE offers the 

elimination of salts from the sample as well as enrichment prior to 
analysis. However, the use of SPE can lead to sample loss. Similar to 
RPLC separations, small hydrophilic peptides might not be retained, 
while larger hydrophobic peptides cannot be easily eluted from the 
packing, leading to an incomplete set of cleavage products. 

A thorough literature search on BUP-related CZE-MS works was 
conducted in order to explore the prevalence of utilizing desalting 
(matrix removal) and preconcentration techniques. It was found that 
regardless of potential sample loss, most publications (38 out of 53 listen 
in Table S1) reported on the use of desalting. Desalting certainly offers 
greater freedom in the choice of subsequent stacking technique. On the 
contrary, in cases where there was no post-digestion sample clean-up, 
predominantly t-ITP stacking was employed. This sparks the question 
whether desalting is indeed necessary. It is well-known that during the 
CZE analysis of peptides some sort of stacking occurs nearly automati
cally when large sample volumes are injected, whatever the sample 
matrix. However, to the best of our knowledge, there has been no 
comparative CZE-MS investigation of desalted and non-desalted samples 
with respect to the stacking they induce. 

In this work we studied the effect of sample cleanup with SPE in 
protein digests of varying complexity. In order to explore whether there 
is anything to be gained from matrix removal, peptide maps of desalted 
digests were compared to those of non-desalted digests. The possibility 
of further enhancing stacking was also explored in the case of non- 
desalted samples. 

2. Materials and methods 

2.1. Reagents and solutions 

Analytical grade reagents were used. Urea, DTT, IAA, NH4HCO3 
(AB), porcine pancreas trypsin (Type IX-S, lyophilized powder) (all 
Sigma products, St. Louis, MO, USA) stocks solutions were prepared in 
double-deionized water (Elix-3, Millipore, Darmstadt, Germany). 
Human serum albumin (HSA), myoglobin from equine heart (MYG), 
lysozyme from chicken egg white (LYS) and β-casein from bovine milk 
(β-CAS) (Sigma) were used as model proteins. Yeast cell lysate was 
purchased from Promega (Madison, WI, USA). Formic acid solutions, 
isopropanol (IPA), methanol (MeOH) and acetonitrile (ACN) were pur
chased from VWR (Radnor, PA, USA). Non-stimulated human tear 
samples were collected using a sterile glass capillary from a healthy 
female volunteer. 

2.2. Instrumentation, software 

The analysis of protein digests was conducted in 90 cm × 50 μm id. 
bare fused silica capillaries (Polymicro, Phoenix, AZ, USA) with a 7100 
model CE instruments (Agilent, Waldbronn, Germany) using MS detec
tion (maXis II UHR ESI-QTOF MS, Bruker, Bremen, Germany). CZE-MS 
hyphenation was achieved with a CE-ESI Sprayer interface (G1607B, 
Agilent). 

Sample introduction was carried out hydrodynamically (HD), 
optimal injection parameters: 50 mbar, 112 s. In most cases the BGE 
consisted of 1 M formic acid (pH 1.9). Specific injection parameters and 
BGE compositions are given at the figure captions. Peptides were sepa
rated using 21 kV voltage. Capillary was preconditioned before each 
measurement with BGE (6 min, 4 bar); the postconditioning included 
successive washing steps with MeOH (2 min, 4 bar), de-ionized water (2 
min, 4 bar) and BGE (6 min, 4 bar) and finally the application of voltage 
(20 s, 15 kV). 
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A 1260 Infinity II isocratic pump (Agilent) was used for delivering 
the sheath liquid (SL) (IPA:water = 1:1 + 0.1 % formic acid) at a flow 
rate of 4 μL/min. The CE instrument and the pump were operated by 
OpenLAB CDS Chemstation software (Agilent), the MS instrument was 
controlled by otofControl version 4.1 (build: 3.5, Bruker). Peptide maps 
and mass spectra were processed by Compass DataAnalysis version 4.4 
(build: 200.55.2969, Bruker). Parameters applied for MS acquisition: 
positive ionization mode; nebulizer pressure: 0.5 bar; dry gas tempera
ture: 200 ◦C; dry gas flow rate: 4 L/min; capillary voltage: 4500 V; end 
plate offset: 500 V; MS spectra rate: 3 Hz; MS/MS spectra rate: 1–4 Hz; 
mass range: 50–2200 m/z. Collision induced dissociation (CID) was 
applied for producing fragment ions. MS/MS spectra were acquired in 
data-dependent mode. From each MS scan 6 (HSA, model protein mix) 
or 8 (tear samples, yeast cell lysate) precursor ions were selected. Active 
exclusion was applied (after the acquisition of 1 MS/MS spectrum the 
precursor was excluded from fragmentation for 0.5 min, except if the 
precursor intensity showed 5x increase); singly charged ions were 
excluded. Na-formate was injected after each run, which enabled in
ternal m/z calibration. The generated peak lists were exported in MGF 
format. Peptide identification was performed with Byonic software 
(ver.: 3.9.6., Protein Metrics, Cupertino, CA, USA). Byonic runs were 
carried out with the following settings: fully specific digestion; 
maximum number of missed cleavages: 2; precursor mass tolerance: 15 
ppm; fragment mass tolerance: 40 ppm; carbamidomethylation 
(+57.0215 Da) at Cys as fixed modification, deamidation (+0.9840 Da) 
at Asn and Gln, oxidation (+15.9949 Da) at Met, Trp and Tyr, phos
phorylation (+79.9663) at Ser, Thr and Tyr as variable modifications. 

2.3. Sample preparation 

Four protein samples were investigated: (i) HSA, (ii) standard pro
tein mixture containing HSA, MYG, LYS and β-CAS, (iii) yeast cell lysate 
and (iv) human tear. The pretreatment and digestion were executed as 
follows: ~2.5 mg protein was dissolved in 100 μL 25 mM AB and 
immediately 300 μL 8 M urea solution (30 min, room temperature) was 
added. The mixture was allowed to stand at room temperature for 30 
min to denature the protein. In order to reduce the disulfide bonds, 40 μL 
100 mM DTT was used (1 h, 37 ◦C). The recombination of disulfide 
bonds was prevented by adding 40 μL 200 mM IAA (alkylating agent) to 
the solution (45 min, room temperature in dark). Finally, the mixture 
was diluted with 2 mL 25 mM AB to reduce urea concentration <1 M. 
For proteolysis, 50 μL 1 mg/mL freshly prepared trypsin solution was 
pipetted into the pretreated sample. Digestion was performed overnight 
(16 h, 37 ◦C). Enzyme activity was quenched by the addition of 1 % 
formic acid (280 μL). 

Digestion of the yeast cell lysate was performed as follows: to 20 μL 
lysate 30-30 μL 8 M urea and 25 mM AB were added. For reduction and 
alkylation 8-8 μL 100 mM DTT and 200 mM IAM were used. After 
diluting the mixture with 149 μL AB solution trypsin was added (5 μL, c 
= 1 mg/mL). Digestion was terminated by adding 27 μL 1 % formic acid 
to the solution. 

For the digestion of human tears, the following quantities were used: 
0.9 mg urea, 5 μL tear sample; 0.3–0.3 μL 100 mM DTT and 200 mM 
IAM, 9.5 μL 25 mM AB, 0.3 μL trypsin solution (1 mg/mL), 1.7 μL 1 % 
formic acid. 

Desalting was carried out with 10 μL C18 ZipTips (Sigma) according 
to the manufacturer’s protocol. 0.1 % formic acid was used for wetting 
the resin and for desalting. ACN:water (70:30) + 0.1 % formic acid 
ensured the elution of adsorbed peptides. 

Four types of samples were analyzed: (i) non-desalted, (ii), non- 
desalted + 18 mM AB, (iii) non-desalted + 50 % ACN and (iv) desalted. 

3. Results and discussion 

3.1. Analysis of non-desalted digests 

For FASS, the fundamental requirement is that the conductivity of 
the sample solution should be considerably lower than that of the BGE, 
for which desalting is actually a suitable solution. The digested samples 
typically contain a generous amount of organic solvent [15,27,35,36], 
which further decreases the conductivity of the sample solution and 
thereby increases the FASS effect. However, the essence of t-ITP is that 
the target analytes arrange between a leading (LE) and terminating 
electrolyte (TE) in order of decreasing mobility. It is quite customary to 
dissolve or dilute the samples after digestion with ammonium acetate 
(AmAc), whereby the high mobility NH4

+ ions present in high concen
tration behave as leading ions [28,29,37,38]. Usually, protein samples 
are prepared in AB in order to set an optimal pH for digestion, therefore, 
a certain level of preconcentration can be expected because of the 
presence of NH4

+ in high abundance. In order to quickly assess the val
idity of this assumption, as a starting point, we analyzed HSA digests in 
two different sample backgrounds: digests were 2-fold diluted either 
with (i) BGE, which is 1 M formic acid or (ii) deionized water, using 
relatively high sample loading (~107 nL, 6 % of total capillary length) 
(Fig. S-1.). The CZE-MS peptide map belonging to the sample matrix 
containing a considerable amount of formic acid showed excessive peak 
broadening and low signal intensities. This was in line with our expec
tations, since the basic requirement of stacking – discontinuity in terms 
of the physicochemical properties of the liquids introduced into the 
capillary – was not satisfied. 

Without further optimization to the sample solution we analyzed the 
non-desalted HSA digest with increasing injection volumes to explore 
the extent of preconcentration (Fig. 1). Increasing the sample volume 
leads to enhanced peak heights with some level of peak broadening and 
overlapping, which are extensive only at very high injection times (50 
mbar × 170s–163 nL). 

The co-migration of peptides can cause ion-suppression phenomena 
and the undersampling of peaks for fragmentation [37,39], leading ul
timately to limited sequence coverage. Therefore, besides the enrich
ment of components, efforts are also focused on enhancing analytical 
resolution by extending the migration window [36,40,41]. 

For a more detailed evaluation, three peaks (largely differing in their 
migration times and hence physico-chemical properties) were selected 
in the electropherograms (Fig. 1) whose height, width (FWHM) and 
theoretical plate number data were compared (Fig. 2). Extending the 
injection times results in a considerable increase in signal height, 
especially for the fastest component with only a modest contribution to 
peak broadening. The later migrating component 3, however, shows 
smaller levels of preconcentration, the increase of peak width is 
considerable. Most probably these slower peptides have mobilities 
similar to or lower than that of the terminating ion, thus they might be 
excluded from the focusing step. Based on peak intensity, FWHM and SC 
% values, an injection volume of ~107 nL (50 mbar, 112 s) proved to be 
most optimal and thus was chosen for further experiments. SC% values 
compare well with those found in recently published works, however, in 
the literature mostly a sequence homolog - bovine serum albumin (BSA) 
- is used as model protein for method optimization. For BSA various 
results were obtained, mostly depending on the stacking technique of 
choice and the sample concentration: ~23.4 %; 48.6 % and 56.4 % for 
CZE methods emplying no preconcentration, DPJ and t-ITP, respectively 
(c: 0.033 mg/mL) [40]. Zhu et al. reported on 70 % SC for 0.05 mg/mL 
BSA digest utilizing DPJ, wherease the conventional injection of 1 
mg/mL digest yielded 66 % coverage [42]. Our results obtained by 
CE-MS are consisent with those attainable by HPLC-MS, where ~60 % 
covarege was found for HSA [43]. 

In addition to t-ITP, other mechanisms also contribute to analyte 
stacking, e.g., FASS and t-ITP often go hand in hand. FASS is also known 
to be less effective for components having very low velocity. Therefore, 
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adjustments needed to be made either to the BGE or the sample matrix. 
These adjustments were specific to the type of stacking to be accentu
ated. Generally, in FASS-type of stacking, the conductivity difference of 
the BGE and sample solution can be modifed (e.g., higher percentage of 
ACN in the sample), if the optimization of t-ITP is the objective, either 
leading or terminating ions can be added to the BGE/sample in order to 
prolong the ITP state. 

The TE in our setup was suspected to be formic acid, which was 
actually the BGE. Although H+ ions have an extremely high mobility in 
water, they can be slowed down by the buffering counterions of the LE 
[44]. In our case, the LE counterion was HCO3

− , which in theory would 
migrate towards to anode, retarding the movement of H+ ions. However, 
it is important to note that the pH of the sample was around 4.1, which is 
well below the pKa of carbonic acid, which is around 6.3. This means 

that in these conditions the bicarbonate ions tend to protonate and 
approximately only 0.5 % of molecules is in an ionized state. Therefore, 
its role as counterion is questionable. On the other hand, because we 
usually terminate the enzymatic digestion with the addition of formic 
acid, the formate ions present in the sample could participate as buff
ering counterions. The pKa of formic acid is ~3.7 so presumably at 
around pH 4.1 there was considerable amount of formate ions that could 
neutralize the H+. The BGE concentration was varied in the 0.1–1 M 
range (Fig. S-2). In order to avoid excessive Joule-heating and conse
quent zone-dispersion, formic acid concentration was not raised above 1 
M. Decreasing formic acid concentration clearly had a deleterious effect 
on overall peak profile, peptides seem to have blended into one another 
and peak intensities were progressively lower (slightly) as the BGE 
concentration decreased. The reason for this is most probably a 

Fig. 1. CZE-MS peptides maps of a non-desalted HSA tryptic digest (c = 0.089 mg/mL) with increasing sample loading. HD injection using 50 mbar (A) 6 s; (B) 23 s; 
(C) 56 s; (D) 112 s and (E) 170 s corresponding to injection volumes of 5.8; 22; 53.7; 107.4 and 162.9 nL, respectively. CZE conditions: fused silica capillary (90 cm ×
50 μm id.); BGE: 1 M formic acid (pH 1.9); U: 21 kV. MS acquisition parameters: positive ionization mode; nebulizer pressure: 0.5 bar; dry gas temperature: 200 ◦C; 
dry gas flow rate: 4 L/min; capillary voltage: 4500 V; end plate offset: 500 V; MS spectra rate: 3 Hz; MS/MS spectra rate: 1–4 Hz; mass range: 50–2200 m/z. Sheath 
liquid: IPA:water = 1:1 + 0.1 % formic acid; flow rate: 4 μL/min. (F) The amino acid sequences of the peptides denoted with labels: 1: SEVAHR; 2: TPVSDR and 3: 
SHCIAEVENDEMPADLPSLAADFVESK and their physico-chemical properties. Top right corner: sequence coverage values; number of peptide-spectrum-matches and 
identified peptides with increasing sample loading (n = 3). Electropherograms are set to the same scale. 

Fig. 2. The dependence of (A) peak intensity and (B) peak width (FWHM) on the volume injected in the case of the 3 selected components shown in Fig.1 (n = 3).  
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combination of factors. Firstly, peptides tend to adsorb to the capillary 
surface, which is known to be more pronounced when low ionic strength 
BGEs are applied. The increased pH might also be responsible for the 
higher tendency of peptide adsorption. Furthermore, with the decrease 
of TE concentration, ITP performance can be weaker, as well. Since 
peptides peaks were generally wider with decreasing BGE concentra
tion, a given component got selected for fragmentation multiple times, 
which explains the gradual increase in peptide-spectrum matches 
(#PSM). Therefore, there was a redundancy of identical MS/MS spectra 
for higher-abundance peptides. Interestingly, SC% values did not show 
the decline one would expect from the appearance of the electrophe
rograms. Nevertheless, for further experiments, 1 M formic acid was 
continued to be used. 

Increasing the LE concentration was also investigated (Fig. 3). The 
addition of extra AB to the digest extended the duration of the t-ITP 
state, which allowed more time for the peptides to “pile up” in the 
stacking zone. This had a favourable impact on peak heights as well as 
resolution. The advantage of extra AB was more evident if the sample 
was highly diluted (Fig. 3C and D). It is important to note that the 
addition of AB increased not only the concentration of the leading ion 
(NH4

+) but also the pH of the sample. From the original pH = 4.1 envi
ronment, the pH shifted above 7, which suggests the possibility of a 
dynamic pH-junction phenomenon, as well. Presumably, the high 
stacking efficiency can be attributed to the joint effect of t-ITP and DPJ. 

3.2. Comparison of peptide patterns obtained from non-desalted and 
desalted digests 

Having confirmed the possibility to utilize preconcentration in 
samples with absolutely no post-digestion sample treatment, desalted 
samples were also analyzed for comparison. The elution of adsorbed 
peptides from the SPE packing was carried out with an ACN-water 
mixture. This sample matrix had a significantly lower conductivity 
than the BGE containing 1 M formic acid, thus being directly amenable 
for FASS-type preconcentration, theoretically. In addition, the effect of 
adding ACN to non-desalted samples was also studied (Fig. 4. A). Peak 
intensities are lower in the case of the non-desalted, original digest; 
desalted and ACN-containing non-desalted digests both yielded 
increased intensities (by a factor of ~2). At this point it was clear that 
FASS and t-ITP were the main mechanism responsible for the stacking 

phenomena in desalted and non-desalted original digests, respectively. 
The incorporation of ACN into the non-desalted sample could induce a 
so-called pseudo ITP state [45]. Since the digest contained a large 
amount of AB in this case, as well, the leading ion remains NH4

+. How
ever, the role of the terminating ion was taken over by the organic 
solvent. ACN basically served the same purpose of creating a 
low-conductivity zone, where the movement of analyte ions was accel
erated due to the high field-strength. 

Apart from peak intensities, slight differences arose also in peak 
profiles. The peptide map of the desalted digest lacks a couple of peaks 
compared to those of non-desalted digests. Although SPE is inevitable in 
some cases, there are often concerns over peptide loss as small, strongly 
hydrophilic peptides are hardly retained, while long hydrophobic pep
tides may adsorb too firmly. Indeed, some of the peptides not identified 
in the case of desalted digests were small, hydrophilic peptides, as 
indicated by the Grand Average of Hydropathy (GRAVY) score (Fig. 4. 
B). It is worth noting, however, that the peptides not identified in 
desalted digests were present only in a relatively low concentration in 
the non-desalted digest and were not (that) critical for maximizing 
sequence coverage (SC%) since some of these peptides contained a 
missed cleavage close to the actual cleavage site (e.g.: ETCFAEEGKK or 
RMPCAEDYLSVVLNQLCVLHEK; missed cleavages indicated in bold) 
and were identified in their fully hydrolyzed form (e.g. MPCAE
DYLSVVLNQLCVLHEK) in the desalted digests, as well. Furthermore, 
these “missing” peptides were not all completely lost as a result of SPE, 
only their full recovery was hindered. Extracted ion electropherograms 
(EIEs) of the peptides in question were generated, which indicate the 
decrease of intensities in the case of desalted digests (Fig. S-3.). Reduced 
intensities led either to their exclusion from MS/MS events or poor, 
uninformative fragment mass spectra. 

The results presented are not the best representation if the goal is to 
compare purely the efficiency of the different preconcentration strate
gies (FASS vs t-ITP) since desalting alters not only the sample matrix but 
also the composition of the peptide mixture. In order to explore differ
ences is stacking efficiencies, samples were desalted, lyophilized and 
reconstituted in solvents/solvent mixtures that correspond to their 
original composition: (I) 18 mM AB solution + 0.1 (v/v)% formic acid, 
(II) ACN:water = 1:1 containing 18 mM AB and (III) ACN:water = 7:3 
containing 0.1 (v/v)% formic acid (elution solvent mixture during 
desalting) (Fig. 4. C). The tendency is similar to that of Fig. 4. A, the 

Fig. 3. Peptide maps of HSA digests (A, C) containing 18 mM AB and (B, D) containing 36 mM AB. Sample introduction: 50 mbar × 170 s (injected volume: 162.9 
nL). Peptide concentration of HSA digests: (A, B) 0.089 mg/mL and (C, D) 0.0089 mg/mL. All other parameters are same as in Fig. 1. Electropherograms A-B and C-D 
are set to the same scale. SC%, number of PSMs and identified peptides for each case is indicated in the top right corner (n = 3). 
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electropherograms obtained for samples containing a generous amount 
of ACN suggest higher stacking efficiencies (increased peak intensities, 
narrower peaks). Compared to traditional t-ITP, pseudo ITP allows a 
more relaxed approach, since it has no strict requirements on pH, con
centration and counter-ions [46]. This is logical, considering the 
inherent low conductivity of ACN, whereas the mobility of H+ (and 
hence, conductivity) is largely dependent on buffering. 

In order to get deeper insights into sample matrix behaviour in cases 
when more proteins are included in the sample, a standard protein 
mixture was analyzed that contains albumin, myoglobin, β-casein and 
lysozyme. Again, three different types of samples were analyzed: (I) 
original digest, (II) digest containing 50 % ACN and (III) desalted digest. 
Judging by the base peak electropherograms, intensities doubled for 
digests containing ACN (Fig. S-4) but SC% values were only moderately 
higher (if at all) (Tables S–3). Altogether 69 common peptides were 
identified, whose intensities and FWHM data were investigated in the 
three sample types (Fig. 5). Relative values were illustrated, taking the 
original digest as a reference point. Generally, the samples including 
ACN showed increased intensities, with an average gain of 6 % and 4 % 
for non-desalted and desalted samples, respectively. In some cases a very 
sharp increase (or decrease) could be seen in peak intensities, the list of 
these few peptides and their physico-chemical properties can be found in 
the supplementary material (Table S-4, Table S-5). Peptides showing 
increased intensities encompass a diverse range of physico-chemical 
properties so there seems to be no clear bias towards specific peptide 
characteristics. Interestingly, there are some peptides whose intensities 
are decreased in the case of both samples containing ACN. This is logical 
for desalted digests, such decrease in intensities can be attributed to 
incomplete peptide recovery during the SPE process. As for peak widths, 
interestingly, the non-desalted digest did not show a consistent decrease 
relative to the original digest (in fact, an average increase by 2.5 % was 
found). On the other hand, the desalted digest undoubtedly offered 
narrower signal, demonstrating a 25 % average decrease in peak widths. 

3.3. Analysis of yeast cell lysate 

To demonstrate tangible results on the “performance” of the different 

post-digestion sample treatment approaches, a yeast cell lysate was also 
analyzed and the number of identified proteins was compared. In this 
case, four sample types were investigated: (1) original digest, (2) digest 
containing extra AB (+18 mM), (3) digest containing 50 % ACN and (4) 
desalted digest (Fig. 6, Fig. S-5); where mainly the following stacking 
mechanisms could be expected: (1) t-ITP, (2) combined t-ITP and DPJ, 
(3) pseudo t-ITP and (4) FASS. The conventional, low-volume injection 
(Vinj ~ 6 nL) yielded poor results (14 protein IDs), however, larger 
sample loadings utilizing (pseudo) t-ITP or FASS preconcentrations offer 

Fig. 4. CZE-MS analyses of HSA digests in different sample backgrounds. (A) Comparison of the peptide maps obtained by analyzing non-desalted samples having I) 
original matrix (digestion milieu) and II) added ACN (50 %) with III) desalted digests. (B) Peptides (1–6) not identified in the case of desalted digests. These peptides 
are labelled in the electropherograms corresponding to the non-desalted digests. (C) Comparison a peptide maps obtained by analyzing desalted, lyophylized HSA 
digests reconstituted in I) 18 mM NH4HCO3 + 0.1 (v/v) % formic acid, (II) ACN:water = 1:1 + 18 mM NH4HCO3 and (III) ACN:water = 7:3 + 0.1 (v/v) % formic acid. 
Sample introduction: 50 mbar, 112 s; all other CZE and MS parameters are the same as in Fig. 1. Electropherograms are set to the same scale. The concentration of 
HSA digest was the same in all cases (c = 0.45 mg/mL). All analyses were carried out in triplicate. 

Fig. 5. The effect of sample matrix on (A) peak intensity and (B) FWHM values. 
Comparison of original digest, the digest containing ACN and desalted digest. 
The 69 shared peptides were numbered from 1 to 69, these peptide identifiers 
are on axis x. Relative intensities and FWHM values were used for illustrating 
the differences compared to the original digest. In part A) inset shows a zoom in 
on relative intensities. All experimental conditions are same as in Fig. 4. 
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a ~15-fold increase in the number of identified proteins. Depending on 
what was used for diluting the non-desalted digest, increasing numbers 
of proteins could be identified. Sample #3 yielded the best results, 
compared to sample #1 (where the stacking is based mainly on t-ITP) ~ 
40 % increase could be observed regarding identified protein groups. 
Desalted digests proved to be better in this case then non-desalted di
gests containing no ACN, peptide loss was not significant. 

Altogether 175 proteins are shared by all four samples. The effect of 
sample matrix on the sequence coverages was also investigated (Fig. 7). 
As could be expected, samples #2–4 outperformed sample #1, espe
cially the samples containing a generous amount of ACN. SC% values 
tend to be higher, in some cases even by a factor of 6. Sequence coverage 
values for the 175 shared proteins were in a relatively good alignment 
when desalted and ACN-containing non-desalted digests were 

compared, which suggests that ACN was a key ingredient in achieving 
efficient stacking regardless of whether sample went through SPE or not. 
The commercially available yeast protein extract is actually a purified 
standard often used for method development. To test whether our ob
servations thus far had any validity in samples with biological matrices, 
human tear samples undergoing no pre-digestion purification were also 
analyzed. Although the overall depth of characterization was rather low, 
the tendencies coincided with those obtained for standard proteins and 
the cells (Tables S–6). 

The latest version of the Swiss-Prot database contains 6727 curated 
and reviewed entries for Saccharomyces cerevisiae (viewed: 2023.12.08). 
With our CZE-MS/MS only a fraction of the whole yeast proteome could 
be identified and the results certainly lag behind those reported previ
ously in both RPLC-MS [47–49] and CE-MS [36,50] studies. CE-MS 
allowed the identification of ~1500–3500 proteins depending on 
whether prefactionation was performed or not [36,50], while with 
RPLC-MS systems up to 4000 protein identifications could be achieved 
[49]. All these works emphasize the importance of long analytical runs 
for improved peptide separation. The migration window (~75 min) for 
the yeast digest in our study is comparable to those found in the CE-MS 
literature (~90 min). The substandard number of protein IDs in the 
present work can, therefore, be mainly attributed to the lower efficiency 
of (i) ion transfer from solution into gas phase and (ii) MS/MS sampling. 
We believe that our greatest setback in achieving a more comprehensive 
proteome characterization is that lack of a nanoESI source. In addition, 
the studies mentioned above all used Orbitrap MS systems, which have 
been shown to outperform QTOF analyzers [51]. 

4. Conclusions 

The fundamental concept of this work was to investigate the 
importance of desalting. Sample clean-up prior to analysis is generally 
considered to be a necessity, since the presence of salts or other con
taminants in the sample can interfere with both the separation and the 
MS detection. 

In the majority of cases SPE desalting is utilized, mostly to eliminate 
the large amount of chaotropic agents; other additives (e.g., DTT, IAA) 
are usually present only in a low concentration, therefore their inter
ference with the analysis is not suspected to be overwhelming. About a 
quarter of the papers studied (Tables S–1) excluded sample clean-up 
before analysis. Most of these cases utilize Rapigest™ (an anionic sur
factant designed to be MS-compatible) instead of urea (or SDS) for the 
solubilization and denaturation of proteins. It can be cleaved by the 
addition of acid, therefore subsequent matrix removal is not necessary 
[2,29,30,35,37,38]. Only very few examples can be found that show 
similarity to our present work in the sense that no desalting was applied 
despite the use of urea [13,28]. 

Desalted samples were also analyzed and results were compared to 
those acquired from non-desalted digests. During the C18 ZipTip pro
cedure, the adsorbed peptides were eluted with ACN-water mixture, the 
conductivity of which is considerably lower than that of the BGE, 
generating a FASS-type preconcentration at the beginning of the CZE 
run. The enrichment efficiencies of FASS (desalted digest) and t-ITP 
(non-desalted digest) were comparable, however, desalting led to pep
tide loss due to the negligible retention of strongly hydrophilic peptides 
on the SPE packing. Preconcentration efficiency could be further 
enhanced by adding ACN to the non-desalted digests. The ACN-salt 
mixtures have already been shown to promote the t-ITP effect, with 
ACN acting as terminating electrolyte [45]. 

Based on these results, we propose that sample clean-up in the 
bottom-up sample preparation process prior to CZE-MS analysis can be 
omitted. In addition to being an extra, time-consuming procedure, 
desalting offered no added considerable benefits in terms of detection 
sensitivity, separation efficiency or sequence coverage and actually led 
to slightly poorer results when compared to non-desalted samples. 
Although we propose the exclusion of desalting for routine applications, 

Fig. 6. Number of protein groups and protein identifications in a yeast cell 
lysate for the four sample types: (1) original digest, (2) digest with added 
ammonium bicarbonate (+18 mM), (3) digest with added ACN (50 %) and (4) 
desalted digest. Peptide concentration was 0.36 mg/mL in all cases. Measure
ments perfomed in triplicate. Sample introduction: 50 mbar, 112 s, all other 
CZE and MS parameters are same as in Fig. 1. 

Fig. 7. The effect of sample matrix on SC% values in the case of digested yeast 
cell lysate. Comparison of (A) original digest and the digest containing extra AB, 
(B) original digest and the digest containing ACN and (C) desalted digest and 
digest containing ACN. The 175 shared proteins were numbered from 1 to 175, 
these protein identifiers are on axis x (n = 3). 
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in cases where deep bottom-up proteome profiling is required, resorting 
to prefractionation might be necessary, which inevitably entails the 
removal of salts before the actual CE analysis. 
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