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Currently, little information has been published on the application of ternary
eluent compositions in supercritical fluid chromatography for separating pep-
tides. This work investigates the benefits of adding acetonitrile to methanol as
the modifier. Three cyclic antibiotic peptides (bacitracin, colistin, and dapto-
mycin) ranging between 1000 and 2000 Da were chosen as model substances.
The ternary mixture of carbon dioxide, methanol, and acetonitrile is opti-
mized to increase the resolution of the peptide’s fingerprint. In addition,
varying compositions of methanol and acetonitrile were found to change the
elution order of the analytes, which is a valuable tool during method devel-
opment. An individual gradient method using two Torus 2-PIC columns (each
100 × 3.0 mm, 1.7 μm), carbon dioxide, and a modifier consisting of acetoni-
trile/methanol/water/methanesulfonic acid (60:40:2:0.1, v:v:v:v) was optimized
for each of the peptides. Subsequently, a generic method development protocol
applicable to polypeptides is proposed.
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1 INTRODUCTION

The interest in polypeptides used as therapeutics has
grown distinctly in the last two decades [1]. Their high
binding affinity allows addressing specific targets com-
bined with a low prevalence of side effects compared
to conventional small drug substances. Especially cyclic
peptides find usage as potent therapeutics based on

Article Related Abbreviations: BEH, hybrid silica; DoE, Design of
Experiments; MeOH, methanol; MSA, methanesulfonic acid; RT,
retention time.
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their favorable pharmacokinetic properties [2, 3]. The
growing number of registered drugs comes along with
more and more regulatory requirements concerning their
chemical analysis. Reversed-phase chromatography is the
central analytical technology used due to its widespread
usage, versatility, and efficacy. Peptide samples often are
rather complex, containing the main compound and a
variety of isomers or degradation products and related
substances from manufacturing [4]. Often, the separation
of all compounds contained can hardly be achieved using
RP-LC exclusively. Thus, orthogonal and complementary
technologies are valuable to gain a more comprehensive
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knowledge of a particular sample. The International
Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use guideline Q6B accounts
for this situation: “The absolute purity of biotechnological
and biological products is difficult to determine, and the
results are method dependent. Consequently, the purity of
the drug substance is usually estimated by a combination
of methods [5].”
Recently, analytical SFC underwent a renaissance due

to fundamental hardware improvements. Its application
field enlarged from non-polar to polar analytes such as
biomolecules [6]. Separating distinctly different peptides
in a single run proved the general applicability of SFC
as an analytical tool for separating peptides < 5000 Da
[7–11]. In addition, it turned out to be a valuable tool for
the separation of isomeric peptides [12, 13]. Even proteins
up to 40 kDa are accessible [14–16]. Under most of the
conditions applied, the term SFC is inaccurate due to the
absence of a supercritical state. Some authors instead use
“enhanced-fluidity chromatography” [14], “unified chro-
matography”, [17] or “chromatography with compressed
carbon dioxide” [18] when using higher modifier propor-
tions. Nevertheless, the term SFC is used in this work due
to the instrument used, which is well known as an SFC.
The orthogonality and thus complementarity of SFC

to RP-LC were demonstrated [17, 19] without one being
definitively superior. The systematic comparison of SFC,
RP-LC, HILIC, and mixed-mode LC showed that SFC
holds drawbacks regarding the selectivity for chemical
closely related linear decapeptides but higher versatility for
peptides covering a broad range of polarities [19]. These
findings are partially in linewith the observationswemade
in our previous work [20]. SFC was superior for separat-
ing the cyclic compounds, while RP-LC was better for the
linear peptides of tyrothricin. Similar results for a mixture
of cyclic diastereomeric peptides were reported by another
group [21]. Summing up, SFC is more suitable for cyclic
than for linear peptides.
The combination of different column chemistries and

additives was reported in several studies [22–24].Methane-
sulfonic acid (MSA) or ammonia combined with water in
methanol (MeOH) can be defined as a generic setup for
analyzing peptides. The beneficial use of MSA due to its
high acidity and ion pairing properties was demonstrated
recently [24]. Acidic to slightly acidic characteristics of the
mobile phase were proposed if carbon dioxide and MeOH
were used as the mobile phase due to the presence of a
methoxylcarbonic acid buffer system [23, 25]. Most basic
peptide functionalities will be protonated under these
chromatographic conditions. An increase in the number of
basic functionalities increases the polarity of the peptide
due to a charged state, which results in higher retention

of the analyte in SFC. Depending on the basic or acidic
character of the analyte, either neutral (silica) or basic
(amino-derivatized) stationary phases are favored [24].
Different approaches tomethod optimization usingDer-

ringer’s desirability functions [26] or a systematic Design
of Experiments (DoE) based workflow are published [20].
So far, the main parameters controlling the selectivity of a
chromatographic method are limited to column chemistry
and additives. Other parameters, such as column temper-
ature, are more considered fine-tuning parameters with a
relatively small impact on selectivity in peptide separation.
The gradient optimization is then the following promis-
ing parameter. Thus, more work on finding beneficial
parameters to control separation needs to be done.
The benefits of a ternary composition of MeOH, ACN,

and carbon dioxide are reported for separating small
molecules [27–31]. So far, its use has not been systemat-
ically studied for peptides. Here, MeOH usually is used
as the modifier [6]. The addition of ACN to MeOH as
the modifier is rarely described for analytical separations.
Preparative applications using a ternary composition are
reported [32, 33], but no detailed information about the
impact of the composition is given, except for an adjust-
ment of the solvent strength and selectivity [32]. In this
study, we present the beneficial application of varying
compositions of MeOH and ACN as the modifier to signif-
icantly improve the separation of peptides and to control
selectivity in means of peak order in some cases.
Three antibiotics, cyclic peptides (bacitracin, colistin,

and daptomycin), were chosen asmodel analytes (Figure 1)
based on their acidic, neutral, or weakly basic properties.
Implementing a ternary composition is shown in a system-
atic workflow leading to a highly improved fingerprint and
controlling the selectivity. Finally, generic conditions for
separating peptides are defined. A generic workflow for
method development is proposed considering the results
obtained in this study and other relevant data published
for peptide separation.

2 MATERIALS ANDMETHODS

2.1 Chemicals and reagents

Bacitracin, colistin sulfate (both Thermo Scientific, Dreie-
ich, Germany), and daptomycin (Xellia Pharmaceuticals
Ltd., Budapest, Hungary) were dissolved in MeOH/water
(90:10, v:v) to receive a concentration of 1 mg/ml. The
solutions were stored at room temperature for a week
to generate degradants. Methanol and ACN (LC gradient
grade) were bought from VWR (Darmstadt, Germany).
Milli-Q water was prepared freshly before use via a Merck
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F IGURE 1 Chemical structures of bacitracin (A), colistin (B), and daptomycin (C).

Milli-Q system (Darmstadt, Germany) and carbon dioxide
(99.995%) was acquired from Air Liquide (Berlin, Ger-
many). Methanesulfonic acid (≥99.0%) was purchased
from SigmaAldrich (Taufkirchen, Germany), and aqueous
ammonia solution (25%) was supplied by Merck.
The following stationary phases were used for the SFC

experiments: Torus Diol, Torus 2-PIC, Torus 1-AA, and
Viridis hybrid silica (BEH) from Waters (Eschborn, Ger-
many). All columns’ dimensions were 3.0 × 100 mm;
particle size was 1.7 μm.

2.2 Choice of analytes

Three therapeutic peptides used as antibiotics were chosen
for the experiments based on varying chemical charac-
teristics. Bacitracin (Figure 1A) contains an even number
of basic and acidic side chains. Colistin (Figure 1B) has
numerous basic functionalities and thus was considered
a challenging molecule based on other studies published
[24]. Daptomycin (Figure 1C) is a cyclic lipopeptide with
several carboxylic and amino groups. All three peptides are
head-sidechain cyclizations.

2.3 Instrumentation and software

The chromatographic experimentswere performed using a
Waters Acquity UPC2 SFC system equipped with a binary
pump, a 4-port column manager with active eluent pre-
heaters, an Acquity UPC2 photodiode array detector, and
an Acquity UPC2 convergence manager (back pressure
regulator). Empower 3 was used for system control, data
acquisition, and processing. The two-dimensional graphs
were visualized via Microsoft Excel.

2.4 Development of the SFCmethods

Initially, a generic gradient from 25% to 90% modifier (B)
in 15 min was run, applying a flow rate of 0.6 ml/min.

Methanol/water (100:2, v:v) plus 0.5% ammonia or 0.1%
MSA (v:v) as the modifier were tested in combination with
four stationary phases (Section 2.1). The column temper-
ature was set to 50◦C and backpressure to 1500 psi. All
chromatograms were recorded at 210 nm.
Afterward, the gradient time was prolonged to improve

separation and a gradient step was inserted to shorten
the overall runtime: 0–3 min: 20%–35% B, 3–23 min: 35%–
75% B. The number of peaks, peak width, shape, and
separation of the compounds were used to assess the selec-
tivity of the stationary phases and additives. The best
combination was kept for further experiments: the 2-PIC
column and eluent B consisting of MeOH/water/MSA
(100:2:0.1, v:v:v).
Subsequently, the portion of MeOH was partially

exchanged by ACN, and the gradient profile was adjusted
to 0–20 min: 30–95 % B to evaluate the best composi-
tion of MeOH and ACN. A modifier composition con-
sisting of ACN/MeOH/water/MSA (70:30:2:0.1, v:v:v:v)
then was applied using two 100 mm columns running
the following gradient: 0–3 min: 30%–65% B, 3–23 min:
65%–95% B at a flow rate of 0.5 ml/min. Step-wise, the
segments of the gradient were optimized for the final
methods.

2.5 Final SFC separation

The final methods used two Torus 2-PIC columns (each
2.1 × 100 mm, 1.7 μm). The column temperature was set
to 50◦C and the backpressure to 1500 psi at a flow rate
of 0.5 ml/min. For each analyte, an individual modifier
composition and gradient were optimized. An injection
volume of 3 μl was set for bacitracin and colistin and 2 μl
for daptomycin.
Bacitracin: ACN/MeOH/water/MSA (70:30:2:0.1,

v:v:v:v), 0–3 min: 30%–65% B, 3–20 min: 65%–70% B,
20–21 min: 70%–30% B, 21–27 min: 30% B.
Colistin: ACN/MeOH/water/MSA (60:40:2:0.1, v:v:v:v),

0–3 min: 30%–60% B, 3–20 min: 60%–70% B, 20–21 min:
70%–30% B, 21–27 min: 30% B.
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F IGURE 2 Evaluation of the column and additive screening.
The best performance is ranked from dark to light green over yellow
to red for poor performance or non-elution of the analyte. Ammonia
was not tested for daptomycin (X).

Daptomycin: ACN/MeOH/water/MSA (60:40:2:0.1,
v:v:v:v), 0–3 min: 30%–65% B, 3–20 min: 65%–80 % B,
20–21 min: 80%–30% B, 21–27 min: 30% B.

3 RESULTS AND DISCUSSION

3.1 Screening of additives and column
chemistry

Different stationary phases providing neutral or basic
chemistries were chosen to evaluate their impact on
selectivity: diol, amino(1-AAand 2-PIC), andBEHderivati-
zation. So far, MSA and ammonia have been demonstrated
to be the most promising additives [24] and therefore were
chosen. Adding 2% water to the modifier was considered
mandatory [23, 34].
Using ammonia as the additive did not elute colistin.

This observation matches that reported before for basic
peptides [24]. The “apparent” pH of the mobile phase,
which probably is slightly acidic [25], results in a charged
state of the basic functionalities and, thus, strong interac-
tion with the stationary phase. The addition of MSA, an
ion-pairing reagent, masks these charged functionalities
and consequently elutes the analyte [9, 24, 35].
The 2-PIC column, in combination with MSA, per-

formed best in the case of colistin and daptomycin andwas
the second choice for bacitracin. The BEH column showed
a slightly better-resolved fingerprint of bacitracin, but the
best compromise matching all three peptides was chosen.
An overview of the evaluation is given in Figure 2. Dapto-
mycinwas not available at our lab initially butwas added to
the experiments after excluding ammonia. In conclusion,
the 2-PIC column and MSA as the additive were kept for
further experiments.

3.2 Type of modifier and ternary
composition

The focus during method development for peptide sepa-
ration is on optimizing column chemistry and additives,
the primary parameters to control and improve selectivity.
Methanol as themodifier is usually set as a fixed parameter
for peptide separation [6] and the potential impact of ACN
seems to be underestimated. Its lower eluotropic strength
in SFCmight seemdisadvantageous for the elution of polar
analytes such as peptides. Due to missing data on its effect
on peptide separation, this factor should be investigated in
detail.
Thus, the modifier composition (single versus ternary

mixture) was tested via partial substitution of MeOH by
ACN in 10 % steps. Using 100% ACN instead of MeOH
did not elute all three analytes, even if up to 95% B was
used. This lacking elution of the analytes might explain
why no publications reporting the use of ACN for sepa-
rating peptides can be found. However, in this study, a
distinct improvement of the separationwas achievedwhen
increasing the proportion of ACN in themodifier up to 80%
(Figure 3) for all analytes. At least 20 % MeOH was neces-
sary to elute bacitracin and colistin, and 30% was needed
for daptomycin.
To visualize the impact of the ternary composition on

selectivity, the capacity factor (k) as a chromatographic
parameter was calculated via the retention time (RT) and
the dead time (0.83 min) of the system (T0):

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑘) =
RT − T0

T0
(1)

In the case of bacitracin (Figure 4A), the relative change
of k for characteristic peaks (main compound and byprod-
ucts) named as “Ba, Bb, Bacitracin, By and Bz” is constant
with the change in the percentage of ACN. This can be
expected based on the high chemical similarity of themain
peak and related substances [36]. However, the plotting of
the RT difference (ΔRT) to themain peak indicates a better
separation of the compounds (Figure 4B), considering that
no significant increase in the peak width was observed up
to 60 % ACN in the modifier.

ΔRT = RT (impurity) − RT (main compound) (2)

A similar outcomewas observed for daptomycin and the
characteristic impurities (Figure 4C). Relative to the other
peaks, a shift in the elution of the peak “Dd” indicated
as the green bar is observed. This shows that a change of
selectivity in terms of changing peak order can be achieved
by adjusting the composition of MeOH and ACN.
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NEUMANN et al. 5 of 11

F IGURE 3 Overlay chromatograms of the separation of bacitracin (A), colistin (B), and daptomycin (C) applying varying modifier
compositions of methanol (MeOH)/ACN (1:100/0, 2:80/20, 3:60/40, 4:40/60 and 5:20/80 – v:v). A zoomed chromatogram of the highest and
lowest retention on the column for each peptide mixture is shown on the right. For colistin, no impurities were marked due to ambiguous
peak tracking. In the case of daptomycin, no elution was possible via composition 5.

To further evaluate the effect of the ternary composi-
tion on selectivity, the capacity factors of the three main
peptides, which differ significantly in their chemical prop-
erties, were also plotted (Figure 4D). Interestingly, there
is an unequivocal effect on selectivity for colistin relative
to either bacitracin or daptomycin, depending on the com-

position of ACN and MeOH. Not just a lower eluotropic
strength due to the increase of the ACN content, but an
additional effect must be present determining its elution.
The difference in the presence of π-bonds and the protic
or aprotic characteristics of the two solvents are appar-
ent sources. These characteristics are well understood in
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6 of 11 NEUMANN et al.

F IGURE 4 (A) Plots of the capacity factor (k) of bacitracin and related compounds versus proportions of ACN in methanol (MeOH). (B)
Retention time difference (ΔRT) of the byproducts to bacitracin. (C) Plots of the capacity factor of daptomycin and byproducts versus ACN in
MeOH. (D) Plots of the capacity factor of bacitracin, colistin, and daptomycin versus ACN in MeOH.

F IGURE 5 Comparison of a single 100 mm (top) and two 100 mm columns (bottom) for bacitracin (A), colistin (B), and daptomycin (C)

RP-LC, especially when working with phenyl-derivatized
stationary phases [37, 38].
A 2-PIC column, which has a picoylamin derivatiza-

tion and thus contains a pyridine and a diol functionality,

was used in this study. With the shift in the composition
of MeOH and ACN, the properties of the mobile phase
to interact with the stationary phase due to either hydro-
gen bonds or π-π interactions are changed. The absence
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of aromatic sidechains in colistin’s structure and following
weaker π-π interactions with the stationary phase explain
the differing shift of the capacity factor with the varia-
tion in the ternary composition. In conclusion, a ternary
composition of the modifier can be used to control the
elution order of peptides. It should be considered as an
additional, highly promising chromatographic parameter
once the column chemistry and additive are defined dur-
ing method development. A mixture of MeOH and ACN
unequivocally outperformed the usage of just one organic
solvent.
The most beneficial composition was determined in

between 60 and 70% ACN in the modifier, which is a com-
promise between drastically increasing the resolution of
the fingerprint and not increasing the overall retention
too much. The selectivity for all peptides and related sub-
stances was increased distinctly. In the challenging case
of colistin, an additional, prominent peak was partially
separated from the main peak, which was not achievable
before.

3.3 Increasing the column length and
final optimization

Step-by-step adjustments of the gradient segments were
finally performed for all three peptides. An increase in the
start percentage of the modifier to 65% resulted in a much
earlier elution of all peaks,which came alongwith a drastic
loss of resolution of all peaks. The insertion of a fast gradi-
ent step (0–3min: 30%–65%) helped to shorten the runtime
while maintaining the resolution of the fingerprint.
The increase in the ACN content from 0 to 70%

decreased the system pressure from 4100 to 3000 psi at
the end of the gradient due to the lower viscosity of the
eluent. Based on the pressure limit of the instrument
(6000 psi), this allowed an increase in the column length.
Often longer columns and long flat gradients are used for
peptide separation in RP-LC due to the high chemical sim-
ilarity of the main compound and impurities expected. In
our case, the slight reduction in the flow rate (from 0.6 to
0.5 ml/min) allowed a doubling of the column length. A
comparison of the three peptides using one or two 100mm
columns running the same gradient (Section 2.4) is shown
in Figure 5. The resolution of the colistin peak and the
primarily related substance was significantly improved.
Solely a slight fingerprint improvement was achieved for
the other two peptides. Overall, a higher impact on reso-
lution and selectivity was expected. The capillary used to
connect the two columns was probably not optimal.
In conclusion, the employment of a longer column

should be considered case by case depending on the indi-
vidual analyte. A noticeable improvement in the selectivity

F IGURE 6 Chromatograms of the finally optimized SFC
methods for bacitracin (A), colistin (B), and daptomycin (C). Please
note that all peaks with a retention time (Rt) < 10 min are caused by
the water contained in the sample solvent.

was achieved by applying a ternary composition of car-
bon dioxide, ACN, andMeOH as the modifier, followed by
gradient optimization for all three peptides (Figure 6).

3.4 Method development protocol

A generic screening and method optimization approach is
proposed based on the data obtained in this and our previ-
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8 of 11 NEUMANN et al.

F IGURE 7 A generic method development protocol for the separation of peptides via SFC. The optional optimization via Design of
Experiments (DoE) principles is included in cursive.

ous study [20] and other relevant publications [7, 13, 17–19,
21, 24, 26]. The potential impact of the chromatographic
parameters on the selectivity and following resolution
of the fingerprint is ranked as follows: column chem-
istry > additive type > composition MeOH/ACN > gra-
dient time = start/end %B = column temperature > flow
rate = additive concentration = backpressure. Conclud-
ing, method development should be performed according
to this ranking. An overview is given in Figure 7.

Step I (Column and additive screening): In this study,
the 2-PIC, an amino-derivatized column, was the
best-performing stationary phase for two of three
peptides. It was also chosen by other authors [18,
19, 24]. Other amino-derivatized columns, which
proved helpful [7, 13, 18], should be added to test
for better or complementary selectivity. The BEH,
a hybrid silica particle, was superior for separat-
ing bacitracin and other cyclic peptides reported

by another research group [21]. Diol chemistry per-
formed the best in our previous [20] and other
studies [7, 17, 19, 26]. Concluding, a set of columns
covering a broad range of chemistries should be
screened in combination with MSA [18-20, 24]
or ammonia [17, 19, 23, 26] using MeOH as the
modifier.

Step II (Ternary composition): The preferred column
or columns should be kept for the experiments
investigating the suitable composition of MeOH
and ACN. In our case, a minimum of 20 - 30
% MeOH was necessary to ensure the elution of
the analytes in a reasonable runtime. The main
compounds in this study have a chain length of 10–
12 amino acids. However, other authors reported
that the retention increased with increased chain
lengths of the peptides [24]. Concluding, a lower
proportion of ACN may be applicable for larger
peptides and vice versa. DoE principles should be
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NEUMANN et al. 9 of 11

considered at this step. Themultifactorial optimiza-
tion of the ternary composition in combination
with one or more other parameters (gradient time,
start and end percentage of themodifier, or column
temperature) is suitable.

Step III (Setting the gradient): The partial substitution
of MeOH with ACN reduces the system pressure.
A slight reduction of the flow rate then allows the
usage of a long column or coupling of equivalent
columns. A gradient is created by setting the start
at 30% B and increasing it to X in 3 min, where
X is calculated as the gradient composition 3 min
before the elution of the first peak of interest in the
run obtained in step II. This procedure successfully
defined the modifier’s end percentage for the fast
gradient step, as described in Section 3.3. A 20 min
gradient then ends at Y%B,where Y is calculated at
the RT of the last eluting peak plus 3 min obtained
in step II.

Step IV (Fine-tuning): The gradient time or start and
end percentage of the modifier and the column
temperature should now be optimized. The back-
pressure and concentration of the additives (water,
MSA, and ammonia) are tweaked last. A step back
to step II may be needed to further adjust the
ternary composition’s optimum to the fine-tuning
parameters. Once the ternary composition and the
elution window are defined, DoE principles should
be included in the protocol to ensure multifactorial
method optimization.

4 CONCLUDING REMARKS

In this study, we demonstrated the beneficial application
of the addition of ACN to MeOH as the modifier for
the separation of peptides via SFC in detail for the first
time. The fingerprint of three peptides was improved dis-
tinctly. Primarily, lowering the eluotropic strength seems
to be the dominant factor resulting in a better resolu-
tion of the peaks. A secondary effect involving hydrogen
bonds and π-π interactions is also supposed to be present.
For some analytes, a varying selectivity in the elution
order was found. This knowledge can be a valuable tool
during method development steps for the separation of
peptides that show a substantial difference in the chemi-
cal structures and might be beneficial to a smaller extent
for separating closely related peptides. The integration of
the ternary composition into a systematic method devel-
opment protocol was then proposed to define generic
conditions, considering our observations and previous
studies of other research groups. With these findings, we

contribute to the evolving field of peptide separation via
SFC by investigating an often overlooked and underesti-
mated chromatographic parameter that is worthwhile to
be optimized.
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