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ABSTRACT

The aim of this study was to evaluate the potential of ultra-high performance supercritical fluid chro-
matography (UHPSFC) for peptide analysis by comparing its analytical performance to several chromato-
graphic approaches based on reversed-phase liquid chromatography (RPLC), hydrophilic interaction liquid
chromatography (HILIC) and mixed-mode liquid chromatography. First, the retention behavior of synthetic
peptides with 3 to 30 amino acids and different isoelectric points (acid, neutral, and basic) was evalu-
ated. For all the tested conditions (13 peptides in 8 conditions), only 4 results were not exploitable (not
retained or not eluted), confirming that all the tested chromatographic conditions can be successfully
applied when analyzing a wide range of diverse peptides. Average tailing factor were quite comparable
across all chromatographic modes, while the best peak capacity values were obtained under mixed-mode
LC conditions. Selectivity for each chromatographic mode was also evaluated for six closely related pep-
tides having minor modifications on their structures. The LC-based chromatographic modes confirmed
their superior selectivity over UHPSFC. By contrast, when analyzing short peptides (di- or tripetides),
UHPSFC was the only technique allowing to simultaneously separate highly polar and less polar peptides
within the same run confirming its unique versatility. In addition, the sensitivity of each chromatographic
approach was accessed by for two representative peptides by both UV and MS detection. With UV de-
tection, limit of detection (LOD) values were comparable among the different chromatographic modes,
ranging from 0.5 to 2 pg mL-!. However, major differences were found when employing MS detection
(LOD values ranged from 0.05 to 5 pg mL-!). The best results were obtained under HILIC conditions,
followed by SFC, and finally mixed-mode LC and RPLC modes.
© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

(e.g. PepTherDia) containing information on peptide drugs already
available on the market [5]. The challenge with synthetic peptides

The interest of pharmaceutical companies towards the develop-
ment of new peptides as efficient therapeutic agents has increased
significantly over the years. These molecules represent an interme-
diate point between small and large molecules in terms of proper-
ties, having the potential to be used against a multitude of diseases
as well as diagnostic targets [1-3]. Because of their growing at-
tractiveness, more chemists are becoming involved in their synthe-
sis, which can be often challenging due to their higher complex-
ity than synthetic small active pharmaceutical ingredients [1,4]. A
great focus was put, therefore, on tools such as online databases
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is not only limited to their production, but also to their analytical
characterization [6-8]. Powerful and efficient techniques are, thus,
required to establish purity levels and separate impurities from the
desired compound(s), at an analytical as well as preparative scale
[9-11].

In this context, ultra-high performance liquid chromatogra-
phy (UHPLC) has proved to be very helpful, throughout the use
of different modes such as reversed phase liquid chromatogra-
phy (RPLC) [12-14], hydrophilic interaction chromatography (HILIC)
[15-17] and mixed-mode liquid chromatography [18-20]. Nonethe-
less, a margin of improvement in the context of peptide analysis
is still present, thus pushing analytical laboratories to explore new
approaches. Among many, ultra-high performance super/subcritical
fluid chromatography (UHPSFC) has regained attractiveness as an

0021-9673/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.chroma.2022.463282
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2022.463282&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:riccardo.deidda@unige.ch
https://doi.org/10.1016/j.chroma.2022.463282
http://creativecommons.org/licenses/by/4.0/

R. Deidda, G.L. Losacco, C. Schelling et al.

interesting alternative [21,22]. While peptide analysis employing
SFC has already been the subject of preliminary research in the
past 20-30 years [23,24], we are currently observing a resurgence
of new methods involving CO,-based mobile phases for the sepa-
ration and characterization of therapeutic peptides, with a stronger
focus in establishing its real potential [11,25-28]. An increasing
number of articles seems to demonstrate an unexplored potential
for UHPSFC specifically for synthetic peptides, at an analytical and
semi-preparative scale [28-30]. Additional advantages of UHPSFC
derive from its easiness to be hyphenated to several detectors, such
as ultraviolet (UV) and mass spectrometers (MS), demonstrating
comparable performance to those of UHPLC-UV-MS [25,26]. More
recently, a comparison of UHPSFC vs UHPLC in reversed-phase
mode has been reported, together with an assessment of an un-
orthodox additive (methanesulfonic acid, MSA) under UHPSFC con-
ditions, using a set of synthetic and commercially available pep-
tides [25]. The authors concluded that UHPSFC offers an interest-
ing complementarity in the separation profile to RPLC, while gen-
erating comparable chromatographic performance (e.g., separation
efficiency and peak shape, etc.).

Previous works have successfully established UHPSFC as a valid
alternative to RPLC in the context of peptide analysis. Nonethe-
less, understanding its performance against other chromatographic
modalities commonly used, such as HILIC or mixed-mode LC,
would be highly beneficial to better position UHPSFC within col-
lection of peptide separation techniques. Hence, in this work we
studied the performance of UHPSFC against various LC-based tech-
niques, including RPLC, HILIC and mixed-mode LC. To do so, a
set of 13 synthetic peptides with different molecular weights
and isoelectric points (acidic, neutral and basic) have been used
to understand their retention behavior under all various chro-
matographic techniques considered. Subsequently, the selectivity
achievable with UHPSFC was also investigated, using a set of six
structurally related synthetic peptides simulating minor changes
(oxidation, deamidation, amino acid inversion, etc.), commonly ob-
served with this category of biomolecules. The applicability of the
various chromatographic modes was also assessed using another
set of di- and tripeptides with different polarity. Lastly, the sen-
sitivity of both UV and MS detection was evaluated for synthetic
peptides when combining these detectors to different chromato-
graphic approaches.

2. Materials and methods
2.1. Chemicals, reagents and sample preparation procedures

Methanol (MeOH) and acetonitrile (ACN) of OPTIMA LC-MS
grade and water (H,0) of UHPLC grade were purchased from
Fischer Scientific (Loughborough, UK). Carbon dioxide (CO,) of
4.5 grade (99.995% purity) was purchased from PanGas (Dagmer-
stellen, Switzerland). Ammonia solution at 25% of MS grade, triflu-
oroacetic acid (TFA) of MS grade, formic acid (FA), MSA (>99.5%
purity), hydrogen peroxide solution at 30%, and methionine were
purchased from Sigma-Aldrich (Buchs, Switzerland). Synthetic pep-
tides at a purity level of > 95% have been purchased from Gen-
Script Biotech (Leiden, Netherlands). Their name and chemical
properties in terms of amino acid sequence, molecular weight,
number of amino acids, isoelectric point (pI) and GRAVY number
(a measure of peptides hydrophobicity) are listed in Table 1. These
values were calculated using on-line ExPASy tools [31].

For the first part of the study (namely retention behavior in
Table 1), stock solutions at 1.0 mg mL~! were prepared for all syn-
thetic peptides in pure H,O. Further dilutions to a final concen-
tration of 200 ng mL~! were performed with pure ACN (for HILIC
and SFC analyses) or pure H,O (for RPLC and mixed-mode LC anal-
yses). In the specific part of the work related to selectivity evalu-
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ation (namely selectivity study in Table 1), the oxidation of refer-
ence peptide was performed by adding 0.2% v/v hydrogen peroxide
to the peptide stock solution prepared at 300 ng mL~! in H,O/ACN
35:65 v/v. After a 3 days incubation at room temperature, the oxi-
dation process was stopped by adding 0.6 mg of methionine to the
solution. Stock solutions for the other five peptides were prepared
at 1.0 mg mL-! in H,0 (for RPLC and mixed-mode LC conditions)
and in H,O/ACN 80:20 v/v (for HILIC and SFC conditions) Then, two
solutions containing the six peptides at 40 ng mL~! each were
prepared by dilution with pure ACN (for HILIC and SFC analyses)
and pure H,0 (for RPLC and mixed-mode LC analyses). Concern-
ing the di-/tripeptides, stock solutions at 1.0 mg.mL~! were pre-
pared in pure H,O (for RPLC and mixed-mode LC analyses) and
in H,O/ACN 80:20 v/v (for HILIC and SFC conditions). Then, fur-
ther dilutions to a final concentration of 500 ng.mL~' were per-
formed with pure ACN (for HILIC and SFC analyses) or pure H,O
(for RPLC and mixed-mode LC analyses). Finally, for the sensitiv-
ity study, stock solutions of 3-mer A and 6-mer B were prepared
at 2.0 mg mL-! in pure H,O0. Then, solutions containing the mix-
ture of both peptides were prepared at concentrations of 50, 20,
10, 5, 2, 1, 0.5, 0.2, 0.1, and 0.05 ng mL~! either by diluting with
pure ACN (for HILIC and SFC analyses) or pure H,O (for RPLC and
mixed-mode LC analyses).

2.2. Chromatographic and MS instrumentation and conditions

All UHPSFC-UV-MS analyses were performed on a Waters Ac-
quity UPC2 system (Milford, MA, USA) equipped with a binary
solvent manager delivery pump, a sample manager autosampler
which included a 10 pL loop for partial loop injection, a column
oven with active preheater, a PDA detector with an 8.4 pL flow-cell
and a two-step (active and passive) backpressure regulator (BPR).
The UHPSFC-UV system was hyphenated to a Waters QDa single
quadrupole mass spectrometer, fitted with a Z-spray ESI source, via
a “pre-BPR splitter with make-up pump” SFC-MS interface provided
by Waters [32]. Make-up solvent was delivered via a Waters Ac-
quity isocratic solvent manager (ISM) module, at a flow-rate of 0.1
mL min~!. Pure MeOH was chosen as the make-up solvent. The
autosampler temperature was fixed at 10°C. Empower v3.0 (Wa-
ters, Milford, MA, USA) was used to control the UHPSFC-UV and
UHPSFC-UV-MS instruments.

UHPLC-UV and UHPLC-MS analyses were performed on a Wa-
ters Acquity UPLC system, equipped with a binary solvent man-
ager delivery pump, a sample manager autosampler with a 2 pL
loop for partial loop injection, a column oven with active pre-
heater and a PDA detector with a 500 nL flow-cell. For MS hyphen-
ation, the previously mentioned Waters QDa single quadrupole was
employed. Autosampler temperature was fixed at 10°C. Empower
v3.0 was also used to control the UHPLC-UV and UHPLC-UV-MS
instruments. For UHPSFC-MS and UHPLC-MS analyses, the same
ionization conditions were used, consisting in a capillary voltage
of +1.5 kV, cone voltage of 15 V, and desolvation temperature at
500°C. Nitrogen (N,) was used as both desolvation and cone gas.
All MS analyses were performed in ESI positive mode, recording
SIR masses at 377.29 and 367.23 Da for 3-mer A and 6-mer B, re-
spectively.

2.3. Analytical conditions

For the first part of the study (retention behavior) as well as
for the sensitivity study, the following chromatographic conditions
were selected to perform the analyses in each chromatographic
mode. For the retention behavior and selectivity evaluations, chro-
matograms were obtained at 210 and 280 nm for the UHPSFC and
UHPLC experiments, respectively. For the sensitivity study, the UV
data were recorded at 214 nm, using the “absorbance-MBF” mode
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Table 1
List of synthetic peptides used for each part of this study.
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Retention behavior

Amino acid Number of amino
Name sequence MW (DA) acids pl(predicted) GRAVY number
3-mer A WDG 376.36 3 3.10 NA
3-mer N WHG 398.42 3 7.80 NA
3-mer B WKG 389.45 3 10.10 NA
6-mer A WGDTAQ 678.68 6 3.80 -1.20
6-mer N WHGSAT 657.68 6 6.74 -0.70
6-mer B WRGSPM 732.86 6 9.75 -1.05
9-mer A WGDTQAEMS 1024.07 9 3.67 -1.07
9-mer N WHGSHATSM 1013.10 9 6.92 -0.70
9-mer B WRGSHATPM 1042.18 9 9.76 -0.93
18-mer A 2142.26 18 3.43 -1.23
WGDQSEMAWDMNTQAEWG
18-mer N 2058.28 18 6.92 -0.63
WGHTQASMWSATSPMHGW
18-mer B 2209.53 18 9.51 -0.86
WRGTAHSPMKWHQICAWN
30-mer B 3522.00 30 10.06 -0.94
WGHTQASMWSATSPMHGWGHTQASMWSATS
Selectivity study
Name Amino acid MW (DA) Number of amino pl GRAVY number
sequence acids (predicted)
Reference KEHWNMWSHL 1367.55 10 6.92 -1.42
Deaminated KEHWDMWSHL 1368.53 10 5.99 -1.42
K truncation EHWNMWSHL 1239.37 9 5.99 -1.14
L replacement KEHWNMWSHP 1351.50 10 6.92 -1.96
AA inversion KEWHNMWSHL 1367.55 10 6.92 -1.42
Dipeptide 1 VL 230.31 2 5.49 NA
Dipeptide 2 VD 232.24 2 3.80 NA
Dipeptide 3 VR 273.34 2 9.72 NA
Tripeptide 1 VLA 301.39 3 5.49 NA
Tripeptide 2 VRK 401.51 3 11.00 NA
Tripeptide 3 VDE 361.35 3 3.67 NA
Sensitivity study
Name Amino acid MW (DA) Number of amino pl GRAVY number
sequence acids (predicted)
3-mer A WDG 376.36 3 3.10 NA
6-mer B WRGSPM 732.86 6 9.75 -1.05

A, Ala; G, Gly; 1, lle; L, Leu; M, Met; P, Pro; W, Trp; V, Val; N, Asn; Q, GIn; S, Ser; T, Thr; D, Asp; E, Glu; C, Cys; R, Arg; H, His; K, Lys.

for both UHPSFC-UV and UHPLC-UV analyses. On the UHPLC sys-
tem, the original mixing chamber of 50 pL was modified into a
mixing chamber having a volume of 250puL, as it is well known
that sensitivity can be strongly impacted when using TFA in the
mobile phase [33].

2.3.1. SFC with acidic additive

A 100 x 3 mm I.D. Waters Torus 2-PIC stationary phase with
1.7 pm fully porous particles was chosen. A mixture of MeOH/H,0
95:5 v/v containing 0.05% MSA was employed as organic modifier
and was mixed with carbon dioxide. An optimized gradient con-
sisting in a 7 min gradient from 40 to 85% of organic modifier,
then a return to initial conditions in 0.1 min and an isocratic hold
for 4.9 min for a total run time of 12 min was employed. Injec-
tion volume, flow rate, and column temperature were set at 2 L,
0.9 mL min~!, and 55 °C, respectively. The backpressure regula-
tor (BPR) was set at 103 bar (1500 psi). Pure ACN and a mixture
of ACN/H,0 50:50 v/v were used, respectively, as weak and strong
needle washes.

2.3.2. SFC with basic additive

A 100 x 3 mm L.D. Waters Torus DIOL stationary phase with
1.7 pm fully porous particles was chosen. A mixture of MeOH/H,0
95:5 v/v containing 0.2% NH4OH was employed as organic modi-
fier and was mixed with carbon dioxide. An optimized gradient of
7 min from 50 to 75% of organic modifier, then a return to initial
conditions in 0.1 min and an isocratic hold for 4.9 min for a total
run time of 12 min was employed. Injection volume, flow rate, and

column temperature were set at 2 L, 0.9 mL min~! and 55°C, re-
spectively. Backpressure regulator (BPR) was set at 103 bar (1500
psi). Pure ACN and a mixture of ACN/H,0 50:50 v/v were used, re-
spectively, as weak and strong needle washes.

2.3.3. RPLC in acidic conditions

A 100 x 2.1 mm LD. Waters Acquity UPLC BEH C18 stationary
phase with 1.7 wm fully porous particles was chosen. Mobile phase
A consisted in H,O with 0.1% v/v TFA, while mobile phase B was
ACN with 0.1% v/v TFA. An optimized gradient consisting in a 7
min gradient from 10 to 35% B, then a return to initial conditions
in 0.1 min and an isocratic hold for 4.9 min for a total run time
of 12 min was employed. Injection volume, flow rate and column
temperature were set at 1 L, 0.3 mL min—! and 60°C, respectively.
Pure ACN and a mixture of ACN/H,0 90:10 v/v were used, respec-
tively, as strong and weak needle washes.

2.3.4. RPLC in basic conditions

A 100 x 2.1 mm LD. Waters Acquity UPLC BEH C18 stationary
phase with 1.7 wm fully porous particles was chosen. Mobile phase
A consisted in H,O with 10 mM ammonium hydroxide adjusted at
pH=9 with formic acid, while mobile phase B was pure ACN. An
optimized gradient consisting in a 7 min gradient from 2 to 65%
B, then a return to initial conditions in 0.1 min and an isocratic
hold for 4.9 min for a total run time of 12 min was employed.
Injection volume, flow rate and column temperature were set at 1
pL, 0.3 mL min~! and 60°C, respectively. Pure ACN and a mixture
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of ACN/H,0 90:10 v/v were used, respectively, as strong and weak
needle washes.

2.3.5. HILIC with bare hybrid silica column

A 100 x 2.1 mm LD. Waters Acquity BEH HILIC stationary phase
with 1.7 pwm fully porous particles was chosen. Mobile phase A
consisted in H,O with 0.1% v/v TFA, while mobile phase B was
ACN with 0.1% v/v TFA. An optimized gradient consisting in a 7
min gradient from 95 to 70% B, then a return to initial conditions
in 0.1 min and an isocratic hold for 4.9 min for a total run time
of 12 min was employed. Injection volume, flow rate and column
temperature were set at 1 WL, 0.3 mL.min~! and 45°C, respectively.
Pure ACN and a mixture of ACN/H,0 50:50 v/v were used, respec-
tively, as weak and strong needle washes.

2.3.6. HILIC with amide column

A 100 x 21 mm LD. Waters Acquity BEH amide stationary
phase with 1.7 wm fully porous particles was chosen. Mobile phase
A consisted in H,O with 0.1% v/v TFA, while mobile phase B was
ACN with 0.1% v/v TFA. An optimized gradient consisting in a 7
min gradient from 85 to 65% B, then a return to initial conditions
in 0.1 min and an isocratic hold for 4.9 min for a total run time
of 12 min was employed. Injection volume, flow rate and column
temperature were set at 1 L, 0.3 mL.min~! and 60°C, respectively.
Pure ACN and a mixture of ACN/H,0 50:50 v/v were used, respec-
tively, as weak and strong needle washes.

2.3.7. Mixed-mode RPLC/AEX with acidic additive

A 100 x 2.1 mm LD. Waters Atlantis Premier BEH C18 AX sta-
tionary phase with 1.7 wm fully porous particles was chosen. Mo-
bile phase A consisted in H,O with 0.1% v/v TFA, while mobile
phase B was ACN with 0.1% v/v TFA. An optimized gradient con-
sisting in a 7 min gradient from 5 to 45% B, then a return to initial
conditions in 0.1 min and an isocratic hold for 4.9 min for a to-
tal run time of 12 min was employed. Injection volume, flow rate
and column temperature were set at 1 L, 0.3 mL.min-1 and 60°C,
respectively. Pure ACN and a mixture of ACN/H20 90:10 v/v were
used, respectively, as strong and weak needle washes.

2.3.8. Mixed-mode RPLC/AEX with basic additive

A 100 x 2.1 mm L.D. Waters Acquity UPLC BEH C;g stationary
phase with 1.7 wm fully porous particles was chosen. Mobile phase
A consisted in H;O with 10 mM ammonium hydroxide at pH=9,
while mobile phase B was pure ACN. An optimized gradient con-
sisting in a 7 min gradient from 2 to 45% B, then a return to initial
conditions in 0.1 min and an isocratic hold for 4.9 min for a to-
tal run time of 12 min was employed. Injection volume, flow rate
and column temperature were set at 1 L, 0.3 mL.min~! and 60°C,
respectively. Pure ACN and a mixture of ACN/H,0 90:10 v/v were
used, respectively, as strong and weak needle washes.

For the selectivity study performed on the mixture of six syn-
thetic decapeptides, the previously described conditions were kept,
except for the elution conditions that need to be adjusted to max-
imize selectivity in all chromatographic modes. For RPLC with
acidic or basic conditions, HILIC with both bare hybrid silica and
amide columns, and mixed-mode LC with basic conditions, iso-
cratic conditions with 23, 18, 89, 81, and 20% B, were employed,
respectively. Analysis time was always set at 7 min whatever the
chromatographic modes, except for RPLC with basic conditions,
which required an analysis time of 10 min to elute the most re-
tained peptide. For mixed-mode LC with acidic conditions, an op-
timized gradient from 17 to 22% B in 7 min was selected. No mod-
ification was applied to the SFC conditions for these analyses (use
of the generic gradient conditions previously described).

Concerning the work on di-/tri-peptides, the following generic
gradients were selected. For SFC with acidic additive, a 7 min gra-
dient from 25 to 60% was applied. For SFC with basic additive, a
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7 min gradient from 25 to 70% was considered. Concerning RPLC
and mixed-mode LC with both acidic and basic conditions, a 7 min
gradient from 2 to 50% B was selected. Finally, in HILIC, with both
bare hybrid silica and amide columns, a 7 min gradient from 95 to
60% B was applied.

3. Results and discussion
3.1. Retention behavior for different chromatographic modes

In a first instance, the retention behavior of 13 model peptides
was compared using the various chromatographic modes (i.e. RPLC,
mixed-mode LC, HILIC and SFC). Model peptides were chosen in
order to present different sizes (number of amino acids (AAs) be-
tween 3 and 30) and isoelectric points (pl between 4 and 10, cor-
responding either to acidic, neutral or basic peptide), see Table 1.
To have reliable and comparable data, the chromatographic condi-
tions in all modes were adjusted. The gradient time was system-
atically equal to 7 min since the column lengths were identical,
and flow rate was adjusted to maintain a comparable mobile phase
linear velocity whatever the column internal diameter. In addition,
the initial and final compositions of the gradient were adjusted to
have no peak eluted before 1 minute (sufficient apparent retention
factor under gradient conditions, considering a delay time of 20
s and 29 s for the UHPLC and UHPSFC systems, respectively) and
have as many peptides as possible eluted before 7 min. All the cor-
responding retention times have been reported in Table S1 of the
supplementary material. As shown, all the 13 model peptides were
eluted whatever the chromatographic mode, except in a very few
cases (only four values were missing among the 104 expected).

Fig. 1 illustrates the elution range for the model peptides un-
der all chromatographic conditions herein tested. The reference
method for peptides analysis (RPLC under acidic pH conditions) al-
lows the elution of peptides with a gradient from 10 to 35 %ACN,
mostly based on their increasing sizes, meaning that hydrophobic
interactions increase with the number of AAs in the sequence. A
significant retention difference between peptides composed of 3 to
9 AAs, and the ones containing 18 or 30 AAs is also visible, with
the latter eluting towards the end of the gradient. This observa-
tion is perfectly in line with the results obtained by Gilar et al.[34],
but also Dwivedi et al. [35]. Indeed, the latter shows that only the
presence of a few amino acids, namely arginine, histidine, and ly-
sine (positively charged amino acids) in the amino acid sequence
reduces retention when using 0.1%TFA in the mobile phase, while
all the other amino acids increase retention or have negligible ef-
fect. Interestingly, when moving from acidic to basic (pH 9) mobile
phase conditions, the selectivity was modified, and retention was
also quite different (elution of the 13 peptides requires a gradi-
ent from 2 to 65 %ACN). When considering the gradient range em-
ployed at pH 9, small acidic peptides are less retained due to their
overall negative surface charge, while the more retained peptides
(long neutral or basic peptides) require higher proportions of ACN
in the mobile phase. Importantly, it was not possible to elute the
largest peptide composed of 30 AAs under these conditions. This
difference in chromatographic behavior is related to i) the differ-
ent peptides ionization state at basic vs. acidic pH, and ii) the ab-
sence of ion pairing reagent in the mobile phase at basic pH (am-
monia instead of TFA). This experimental behaviour can again be
confirmed by the work of Dwivedi et al. [35], as only the presence
of aspartic acid and glutamic acid in the peptide sequence (neg-
ative retention coefficients for these two individual amino acids)
reduces the retention, while all the other amino acids contribute
to retention increase.

In addition to RPLC with a C18-based column, a mixed-mode
stationary phase (composed of alkyl chains and anion exchanger
group) was also utilized under acidic and basic conditions. With
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Fig. 1. Graphical representation of the retention times obtained from the analysis of 13 peptides with the different chromatographic modes. The square, round and triangle
symbols have been used to designate peptides with acidic, neutral and basic isoelectric points, respectively. Yellow, green, blue, red, and purple colors have been attributed

to 3-mer, 6-mer, 9-mer, 18-mer and 30-mer peptides, respectively.

this column, retention was comparable to C18 material (retention
ranges were equal to 5-45 %ACN at acidic pH and 2-45% ACN at
basic pH), but the elution order was modified due to the addition
of anion exchange capability. In particular, the 30-mer B peptide
was much less retained on the mixed-mode column whatever the
pH. This behavior could be attributed to: i) the presence of posi-
tively charged groups at the surface of the column, creating elec-
trostatic repulsions, and ii) difference in pore size (130 A for the
regular C18 material vs. 95 A on the mixed-mode column) which
could be responsible from partial exclusion of large peptide from
the pores. Surprisingly, the 18-mer B peptide was not eluted under
basic conditions while the 30-mer B was easily eluted.

Next, we have also evaluated the possibilities offered by HILIC
for the analysis of various model peptides. Two different station-
ary phases were tested under HILIC conditions, namely a bare hy-
brid silica and amide chemistry. The mobile phase remains identi-
cal and TFA was used to have acceptable retention and peak shapes
under HILIC conditions. Here, the gradient ranged from 95 to 70%
ACN and 85 to 65 %ACN on the bare silica and amide columns, re-
spectively. This means that the bare silica was less retentive for
the less hydrophilic peptides. For this part of the work, a pub-
lication of Gilar and Jaworski was considered [36]. Based on the
retention coefficient calculated in this previous work, it is logical
that the amide column was more retentive than the bare silica,
when predicting the retention times of the model peptides. On
the bare silica column, all the peptides can be eluted thanks to
the addition of TFA in the mobile phase, and the elution order is
strictly based on the size of the peptides. In other words, when in-
creasing the size of the peptides, they can interact more strongly
with the water layer immobilized at the surface of the station-
ary phase. In general, the acidic peptides are eluted first followed
by the neutral and basic ones. This behavior is obviously related
to the presence of negative charges at the surface of the station-
ary phase (residual silanols) and to electrostatic repulsion. On the
amide stationary phase, the selectivity is modified, due to the more
limited number of residual silanols. Even if the separation is still
based on peptide size, the basic peptides often elute before the
neutral peptides and sometimes even before the acidic peptides of
the same size. With the HILIC amide column chemistry, it is in-
teresting to notice that the predicted retention order based on the
coefficients of Gilar and Jaworski was different from the retention

order experimentally observed in our study. This difference can be
easily attributed to the different mobile phase conditions (0.1%TFA
in the present work, and 10 mM ammonium formate pH 4.5 in
the publication of Gilar and Jaworski). Despite this slight modi-
fication of selectivity between bare silica and amide chemistries,
the elution order remains highly comparable between the two
HILIC conditions, mostly due to the presence of TFA in the mobile
phase, which contributes to limit the ionic interactions under HILIC
conditions.

Finally, we have also explored the possibilities offered by UH-
PSFC for the analysis of the same peptides. Here, the gradient
conditions ranged from 40 to 85% organic cosolvent with acidic
additive (MSA), and from 50 to 75% cosolvent with basic addi-
tive (NH40H). Based on Fig. 1, it appears that the selectivity was
very strongly modified between these two conditions. Indeed, un-
der SFC conditions with acidic additive, the peptides were mostly
eluted based on their size, but the 30-mer was eluted much ear-
lier than expected. The acidic peptides were always more retained
compared to the neutral and basic peptides of the same size. This
behavior could be explained by the fact that the selected column
contains a basic ligand (2-PIC) and therefore, the acidic peptides
are more retained due to the existence of ionic interactions. In-
deed, despite the use of MSA in the mobile phase, the apparent
pH is probably higher under SFC conditions compared to RPLC, as
already demonstrated [25] and therefore, ionic interactions can still
exist. Under SFC conditions with basic additive, both the chemistry
of the column (Diol) and the nature of mobile phase additive were
modified, based on conditions described in a very recent publica-
tion where peptides were successfully analyzed in SFC [37]. Due to
these multiple changes, a significant selectivity alteration was ob-
served, as highlighted in Fig. 1. Indeed, the peptides were now not
anymore separated based on their size, but the elution order was
rather diverse (this is not something that can be easily predicted
as retention coefficients for all individual amino acids have never
been published in SFC). As an example, the 3-mer A peptide was
among the most retained ones, while it elutes much earlier with
the acidic additive. Under these conditions, the 9-mer A and 30-
mer B peptides were not eluted, while the 18-mer A was strongly
retained. Based on this observation, it is clear that SFC with basic
additive is much less adapted to the analysis of a wide range of
diverse peptides.
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Average tailing factor, average peak capacity and maximal pressure drop calculated on the data
obtained from the analysis of 13 peptides with each chromatographic mode.

Chromatographic

mode Tailing factor Peak capacity AP max
(bar)

SFC ac. 143 141 354

SFC bas. 1.52 71 346
RPLC ac. 1.38 145 411
RPLC bas. 1.28 203 386
HILIC silica 2.26 87 206
HILIC amide 1.28 130 198
Mixed ac. 141 230 385
Mixed bas. 1.46 215 430

SFC ac., SFC with acidic additive; SFC bas., SFC with basic additive; RPLC ac., RPLC with acidic
additive; RPLC bas., RPLC with basic additive; HILIC silica, HILIC with bare silica column; HILIC
amide, HILIC with amide column; Mixed ac., mixed-mode LC with acidic additive; Mixed bas.,

mixed-mode LC with basic additive.

3.2. Comparison of other figures of merit for peptide separation by
various chromatographic modes

After addressing the differences in the retention profile of the
model peptides under different chromatographic techniques, we
have moved to understand how peak shapes (tailing factor and
peak capacity) and the maximal pressure drop varied across all
chromatographic techniques and conditions (Table 2). As shown,
the average tailing factor values were comparable for all the chro-
matographic modes (values ranged from 1.28 to 1.52), and only the
HILIC conditions with bare hybrid silica provide a much higher tail-
ing factor (2.26). This was probably due to the coexistence of two
retention mechanisms, including both hydrophilic partitioning and
strong ionic interactions with free silanols. In terms of peak ca-
pacity (maximum number of resolvable peaks), the RPLC with ba-
sic conditions and the mixed-mode LC under both acidic and ba-
sic conditions offer values beyond 200, which is remarkable for a
gradient time of only 7 min. Then, RPLC with acidic conditions,
SFC with acidic conditions and HILIC with amide stationary phase
provide peak capacities comprised between 130 and 145, which is
still fully acceptable. Only two chromatographic strategies provide
much broader peaks, namely SFC with basic conditions and HILIC
with bare hybrid silica. Here, peak capacities were equal to 71 and
87, respectively. Pressure drops observed during the gradient sepa-
rations was about 200 for HILIC conditions and 350-400 bar for the
other chromatographic modes. The low pressure observed under
HILIC conditions is obviously related to the highly organic mobile
phase. It is important to notice that the pressure drop observed in
SFC was comparable to the one obtained in RPLC and mixed-mode
LC. This was due to the use of high proportion of cosolvent in the
mobile phase, and the need to generate a backpressure throughout
the system (approx. 100 bar).

To better emphasize the potential of SFC for peptides analysis,
Fig. 2 highlights the peak shapes observed for a few representa-
tive peptides of different sizes and pl. As illustrated, the peaks are
symmetrical and quite narrow whatever the peptide when using
SFC with acidic additive. On the other hand, peaks were broader
when considering a basic additive, as already shown in Table 2,
but the overall performance remained acceptable, and a different
selectivity was obtained between the two conditions.

Lastly, it is also important to consider that the sample diluent
needs to be adjusted depending on the chromatographic mode, to
obtain suitable peak shapes and avoid peak distortion. In RPLC and
mixed-mode LC, the peptides were dissolved in pure H,0, while
the peptides were dissolved in ACN/H,0 90:10 v/v in HILIC and
SFC, in line with previously published works [38]. Whatever the
sample diluent applied, no solubility issue was noticed for all the
peptides at the tested concentrations.

3.3. Selectivity of closely related peptides in different
chromatographic modes

Another important chromatographic property worthy of inves-
tigation is the separation selectivity for closely related peptides.
During the several synthetic steps needed to obtain a therapeu-
tic peptide, minor modifications of the amino acidic chain can oc-
cur with the generation of unwanted species presenting only few
changes on selected amino acids. Therefore, a decapeptide was
considered as reference, with an isoelectric point of 6.92, together
with 5 different modified peptides presenting minor variations in
the sequence, as illustrated in Fig. 3 and Table 1. Deamidation is
a very common modification that can take place during the long-
term storage and affects most peptides and proteins. It occurs gen-
erally on asparagine while it is less common on glutamine. Herein,
asparagine contained on the decapeptide sequence was replaced by
as aspartic acid to mimic, in part, what would happen after deami-
dation. An Asn-Asp substituted analog was then used to represent
this process. Next, oxidation of methionine (and tryptophan to a
less extend) is also a widely reported chemical degradation path-
way of peptides and proteins, but it is less prevalent than deami-
dation. It occurs because of extended/improper storage conditions
(buffer concentration, pH, excipients), thus used as an indicator of
chemical instability. In the selected peptide sequence, the thioether
group of methionine can be chemically oxidized into sulfoxide us-
ing hydrogen peroxide, as mentioned in the material and method
section. Besides these two modifications, we have also obtained an
additional peptide where the terminal lysine was truncated. In an-
other sample, the terminal leucine was replaced with proline. Fi-
nally, two amino acids (tryptophan and histidine) were inverted
in the sequence. These six different peptides have therefore some
very minor modifications in the sequence and could be helpful to
challenge the chromatographic methods.

The conditions in all the different chromatographic modes were
optimized as much as possible to obtain the best possible selectiv-
ity and resolution. Table 3 summarized the minimum resolution,
number of peaks which are baseline resolved and average tailing
factor.

This table clearly highlights the superiority of RPLC and mixed-
mode LC, both under acidic and basic conditions. These four dif-
ferent chromatographic methods allow the baseline separation of
the six closely related peptides, with a minimum resolution vary-
ing from 2.43 (mixed-mode LC with basic conditions) and 4.00
(mixed-mode LC with acidic conditions) using either isocratic con-
ditions or narrow gradient range. In addition, the average tailing
factor was very good and comprised between 1.25 and 1.42 for
RPLC (acidic and basic conditions) and mixed-mode LC under basic
conditions. These values were slightly worse (average tailing fac-
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Fig. 2. Chromatograms obtained for the analysis of 3-mer A, 6-mer B, 9-mer N and 18-mer N peptides by a) UHPSFC with acidic additive; b) UHPSFC with basic additive.

1) Reference
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2) Deamidated
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6) Oxidated
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SFC ac.
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Fig. 3. Chromatograms obtained for the analysis of 1) reference, 2) deamidated, 3) K truncation, 4) L replacement, 5) AA inversion, 6) oxidated peptides by RPLC with acidic
additive; using SFC with acidic additive and SFC with basic additive. K, Lys; E, Glu; H, His; W, Trp; N, Asn; M, Met; S, Ser; L, Leu; D, Asp; P, Pro.

tor of 1.89) for mixed-mode LC under acidic conditions, but still
acceptable. To better visualize the separation obtained under RPLC
with acidic conditions, the corresponding chromatogram was re-
ported in Fig. 3. The lower resolution (Rs of 2.70) was obtained
between the reference peptide and its deamidated form. However,
it is important to notice that these two peaks were very well sep-
arated in RPLC or mixed-mode LC with basic conditions (Rs higher

than 10), while the use of mixed-mode LC column under acidic
conditions offers a resolution of 4.6 for these two peaks.

HILIC mode was performed in both cases (bare hybrid silica and
amide stationary phases) under isocratic conditions, to optimize
selectivity. However, as shown in Table 3, the selectivity and over-
all resolution remain clearly lower than what can be observed in
RPLC and mixed-mode LC. Indeed, even if the average tailing fac-
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Table 3
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Minimum resolution, number of separated peaks and tailing factor average obtained from the
analysis of 6 peptides with each chromatographic mode here discussed.

Chromatographic Minimum Number of

mode resolution separated peaks Tailing factor
SFC ac. 0.00 0 1.96"

SFC bas. 0.00 1 2.89"

RPLC ac. 2.74 6 1.42

RPLC bas. 2.78 6 1.25

HILIC silica 0.00 4 1.57

HILIC amide 0.00 3 1.19

Mixed ac. 4.00 6 1.89

Mixed bas. 243 6 1.28

SFC ac., SFC with acidic additive; SFC bas., SFC with basic additive; RPLC ac., RPLC with acidic
additive; RPLC bas., RPLC with basic additive; HILIC silica, HILIC with bare silica column; HILIC
amide, HILIC with amide column; Mixed ac., mixed-mode LC with acidic additive; Mixed bas.,

mixed-mode LC with basic additive.

* values calculated on individual injections.

tor remains very good (1.19 on the HILIC amide and 1.57 on the
bare hybrid silica), only 3 to 4 peptides were baseline resolved
with the amide and bare hybrid silica, respectively. Under HILIC
conditions, the most difficult peaks to separate correspond to the
reference peptide and the version where two AAs were inverted
in the sequence. The two species perfectly coeluted whatever the
column chemistry. On the HILIC amide, the deamidated peptide
also coeluted with the reference peptide, while it was perfectly
resolved (Rs of 2.87) on the bare hybrid silica. As expected, ma-
jor differences in selectivity were observed in HILIC vs. RPLC and
mixed-mode LC. This is why HILIC can sometimes be a good alter-
native to achieve sufficient selectivity for certain peptides. As an
example, oxidized peptide and peptide with Lys-Pro replacement
was replaced were strongly retained in HILIC, while they were
quickly eluted in RPLC. Similarly, the peptide with lysine truncation
was the first eluted under HILIC conditions on the two columns,
while it was more retained in RPLC and mixed-mode LC.

Finally, the chromatograms obtained under SFC conditions were
reported in Fig. 3. As shown, all the peaks coeluted under SFC con-
ditions with acidic conditions. Selectivity was slightly better un-
der SFC with basic conditions, with a few peptides partially sep-
arated, but the overall performance remained far from what can
be achieved with the other chromatographic modes. In addition,
average tailing factor values (calculated from individual injections)
for the two SFC conditions were much larger and comprised be-
tween 1.96 and 2.89 in acidic and basic conditions, respectively.
Obviously, the observed behavior can be considered as peptide de-
pendent, since this conclusion is different from the ones previously
reported in the literature [25]. However, one of the reasons for the
poor separation might be related to the insurgence of peak broad-
ening and distortion when shallow gradients isocratic conditions
were used. Therefore, the best possible separation was obtained
with the generic gradient already employed in the first part of this
work. This seems to indicate the limits of SFC for the analysis of
closely related peptides with narrow gradient conditions but does
not preclude the use of SFC for a wide range of diverse peptides
under generic conditions.

3.4. Analysis of short peptides with various chromatographic modes

Next, we have also tried to evaluate the applicability of the var-
ious chromatographic modes for the analysis of small peptides, in-
cluding di- and tri-peptides. For this purpose, we have considered
three different dipeptides composed of either two neutral AAs, one
neutral and one acidic AA, or one neutral and one basic AA. The
tripeptides were composed either of three neutral AAs, one neu-
tral and two acidic AAs or one neutral and two basic AAs. When
analyzing these different peptides under RPLC and mixed-mode LC

conditions in acidic and basic conditions using an identical gra-
dient, the same elution pattern was observed. The retention was
always suitable for the neutral peptides, but when adding one or
several charged AAs, the retention was too low, even with only
2%ACN in the mobile phase. This behavior is illustrated in Fig. 4.
The tripeptide Val-Leu-Ala was well retained and adequately ana-
lyzed under RPLC and mixed-mode LC conditions, while the Val-
Arg-Lys peptide was not sufficiently retained, and peak shape was
strongly distorted.

The exact reversed behavior was observed under HILIC condi-
tions when applying a gradient from 95 to 60%ACN, since the re-
tention was mostly based on hydrophilic partitioning. Therefore,
the charged peptides (such as Val-Arg-lys) were eluted as very
sharp peaks with a sufficient retention, while several peaks were
observed for the neutral tripeptides at a retention time very close
to the column dead time (see Fig. 3).

Finally, when using SFC conditions (both with acidic and ba-
sic additives) and a gradient from 25 to 60%MeOH, it appeared
that both the neutral and charged peptides were sufficiently re-
tained and eluted as sharp peaks, as illustrated in Fig. 4. The ver-
satility of SFC allows to simultaneously analyze highly polar and
less polar peptides, as already demonstrated in the past with hy-
drosoluble and liposoluble vitamins [39] or with hydrophilic and
lipophilic metabolites [40]. The use of a gradient profile called uni-
fied chromatography, which enables the transition from a super-
critical to liquid state mobile phase, seems to provide SFC with su-
perior performance in analyzing short di- and tri-peptides against
all LC techniques here considered.

3.5. UV and MS sensitivity of peptides analyzed under various
chromatographic modes

In addition to the chromatographic performance, it is also im-
portant to evaluate the sensitivity with both UV and MS detec-
tors when analyzing peptides under the various chromatographic
modes evaluated in this work. For this purpose, we have analyzed
two peptides that can be eluted in all chromatographic modes
with suitable peak shapes, namely the 3-mer A and the 6-mer
B. These two peptides were injected at various concentrations in
the eight different chromatographic modes and limits of detection
(LOD) were calculated based on S/N ratio of 3. To have compara-
ble results between chromatographic modes, the same UV settings
were used (wavelength, time constant, data acquisition rate). These
parameters can be found in Section 2.2. In addition, it is impor-
tant to mention that injected volumes were equal to 1 pL in RPLC,
mixed-mode LC and HILIC, where a column of 100 x 2.1 mm was
used. On the other hand, the injected volume was increased to 2
pL in SFC as the column has a two-fold larger volume (100 x 3.0
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Fig. 4. Chromatograms obtained for the analysis of Val-Leu-Ala and Val-Arg-Lys tripeptides using different chromatographic modes.
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Fig. 5. Histogram displaying the limits of detection for 3-mer A and 6-mer B peptides as a measure of the sensitivity of UV and MS detectors when coupled with the

different chromatographic modes.

mm). Therefore, the dilution factor due to the column is expected
to be the same in all cases.

With UV detection, the LOD values were comprised between 0.5
and 2 pg.mL~! for the 3-mer A using the different chromatographic
modes, while they were comprised between 0.5 and 1 pg mL~! for
the 6-mer B, as reported in Fig. 5. This means that the differences
between the chromatographic modes and between the two pep-
tides were minor. However, to obtain such very low LOD, the mix-
ing chamber of the UHPLC system was modified (250 pL vs. 50 uL
on the original configuration) to avoid any issues related to the use
of TFA as mobile phase additive. Surprisingly, the LOD observed
in SFC (with basic and acidic additive) were already low (only 1
ng mL-1), without any modification on the instrument. These re-
sults are clearly not in line with the historically poor SFC sensi-
tivity, which is known to be one of the main limitations of the
technique, especially with the older generation SFC systems [41].
Indeed, as reported in the literature, the reduced SFC sensitivity
is mostly due to higher background noise due to pressure fluctua-
tions from the backpressure regulator and refractive index changes
[42]. In the present work, a modern UHPSFC system was used al-

lowing a better control of the backpressure (less than 2 bar back-
pressure variation during the run) and therefore lower background
noise. In addition, when analyzing peptides in SFC, high percent-
ages of modifier were constantly used. Under such highly organic
conditions, the mobile phase compressibility is extremely limited
and therefore, the refractive index change with pressure remains
minimal. In other words, the variation of pressure only has a lim-
ited impact on background noise under the conditions employed
in this work, which are quite far from being purely supercritical.
With MS detection, the LOD values were much more diverse
and ranged from 0.05 to 5 ug mL~! for the 3-mer A peptide, while
they were comprised between 0.05 and 2 pg mL-!for the 6-mer
B. Interestingly, HILIC conditions offer the best sensitivity (0.05
pg mL-'whatever the peptides and the stationary phase, and de-
spite the use of 0.1 %TFA in the mobile phase). This excellent sen-
sitivity has already been described in HILIC for small molecules,
but not yet for peptides, at least to the best of our knowledge. It
has been attributed to an improvement of the desolvation process
in electrospray when using a highly organic mobile phase, as well
as to a modification of ionization state of the compound in pres-
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ence of high proportion of ACN [43,44]. Beside HILIC, SFC also of-
fers some very good LOD (always equal to 0.1 pg mL-!, except for
the 3-mer A when using basic additive). Here again, the good SFC-
MS sensitivity has already been described elsewhere and is due to
the absence of water (or minimal presence) in the mobile phase,
thus improving the performance of the ESI process [45,46]. Finally,
for RPLC and mixed-mode LC, the sensitivity was always equal or
worse than with UV detection. The LOD values ranged from 2 to 5
ng mL-'for the 3-mer A peptide, while they were comprised be-
tween 1 and 2 pg mL-'for the 6-mer B. Obviously, the presence
of TFA is known to be a strong contributor to signal suppression
in electrospray ionization mode, but was required to obtain suit-
able peak shapes. In addition, the elution composition for the two
selected peptides was always below 20-30% of ACN whatever the
chromatographic mode (RPLC or mixed-mode LC), then the mobile
phase was highly aqueous, which may further decrease MS sensi-
tivity.

In conclusion, it appears that SFC (either 0.05% MSA or 0.2%
NH4OH as mobile phase additive) offers a very good sensitivity
compared to other chromatographic modes, when analyzing pep-
tides.

4. Conclusion

In this study, several chromatographic approaches for pep-
tides analysis were investigated at different levels. First, the re-
tention behavior of 13 synthetic peptides with different proper-
ties in terms of sizes and isoelectric points was studied with
each chromatographic mode. All the peptides were eluted with
at least one set of chromatographic conditions for each mode, al-
lowing to obtain data on retention time and peak shape. Con-
cerning peak shapes, average tailing factors were quite compa-
rable among the various conditions, except for HILIC with bare
silica, which provided the highest average tailing factor value
(Tf = 2.26). The best results in terms of peak capacity were ob-
tained under RPLC with basic conditions and mixed-mode LC con-
ditions with both acidic and basic conditions (P > 200 for 7
minutes analysis time), followed by RPLC and SFC both under
acidic conditions and HILIC with amide column (P > 100). The
broadest peaks were observed with SFC using basic additive and
HILIC with bare silica column (P < 100). In conclusion, it can be
stated that the overall qualitative performance of SFC (in terms
of retention capability and peak shape) was comparable to that
obtained with the other chromatographic modes tested in this
study.

However, this comparability changed when evaluating the se-
lective performance of each chromatographic mode on closely re-
lated peptides. The best results (6 out of 6 separated peaks)
were obtained by RPLC and mixed-mode LC, no matter the na-
ture of the additive used. HILIC showed intermediate selective
performance (3 out of 6 and 4 out of 6 separated peaks by
HILIC with bare silica and amide columns, respectively) while
SFC was the worst one (0 out of 6 and 1 out of 6 separated
peaks for SFC with acidic and basic additives, respectively). How-
ever, when analyzing short peptides, the high versatility of SFC
came out, enabling it to be the sole technique capable to si-
multaneously analyze peptides with wide differences in terms of
polarity.

Concerning the sensitivity of each mode, the LOD values for the
UV detection ranged from 0.5 to 2 pg.mL~!for the peptides con-
sidered. The results obtained by SFC were comparable to those ob-
tained with the other chromatographic modes. However, with MS
detection, the observed LOD range was much wider, going from
0.05 to 5 pg.mL~1. HILIC presented the lowest LOD values, followed
by SFC, which outperformed RPLC and mixed-mode LC for this as-
pect.
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