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eptide separation through
dynamic electrostatic-repulsion reversed-phase
(d-ERRP) liquid chromatography†
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The application of a novel chromatographic approach to therapeutic peptides bearing basic amino acids in

their structure allowed unprecedented resolution of their related impurities (including epimeric isobaric

ones), resulting in a superior analytical tool for the evaluation of the quality of these drugs in the market.
1. Introduction

Peptides represent an essential class of products chemically
positioned between small molecules and proteins, even if not
belonging to any of the two families.1

Since the 1920s, with the discovery of the peptide hormone
known as insulin2,3 and its use in therapy, peptides have played
an increasingly important role in clinical practice as active
pharmaceutical ingredients (APIs),4 and their production at
a large-scale has seen signicant technological improve-
ments.1,4–7 In recent years, new synthetic modications have
been implemented on the primary sequence of peptide APIs in
order to improve their pharmacokinetic prole and bioavail-
ability, e.g., by reducing the degradative cleavage operated by
proteases under physiological conditions.8,9

As a direct consequence of this, peptides were exposed to
exponential interest by pharmaceutical companies over recent
years, with several candidates approved by the regulatory
agencies as drugs and a consistent number of new entries in the
clinical trials.1 Mainly, the application of these engineered
peptides exerted a high impact for the treatment of metabolic
diseases, such as diabetes and obesity, reaching multibillion-
aire revenues thanks to the high demands.9,10 Interestingly,
a common point shared by these APIs, all mimicking the GLP-1
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structure, is the presence of several basic residues in their
primary sequences.11

Over the years, chemical synthesis played an always more
prominent role in the manufacturing of a polypeptide, due to its
ability to insert non-native residues on the primary sequence of
peptides.12,13 The chemical synthesis approach comprises
several strategies, where the most prominent one is the solid
phase peptide synthesis (SPPS), initially developed by
Merrield.14–16

SPPS technology is, by far, the most popular approach to
polypeptide synthesis. However, this technology generates
a plethora of specic impurities,17 with deamidation and epi-
merization as the most relevant cases. Deamidation is a degra-
dative modication since it arises upon storage conditions; the
epimerization is the formation of a species that differs from the
native due to the racemization of single amino acid and origi-
nates from the synthesis.

The proper identication and separation of these impurities
is a must for assessing the safety and efficacy of therapeutic
polypeptides.18 However, the detection of these impurities in
the nal peptide API represents a challenge, due to the minimal
modication of some of these impurities respect to the molec-
ular structure of the parent therapeutic peptide (e.g., epimers).
Moreover, epimers and the parent therapeutic peptide are
isobaric; thus, since mass spectrometry cannot give us the
desired information, the chromatographic separation of the two
species becomes pivotal.

Indeed, over the years, several analytical techniques have
been developed ad hoc for recognizing and describing peptide
stereochemistry, such as enantioselective liquid chromatog-
raphy,19,20 NMR,21 selective enzymatic digestion,22 and some
exciting applications involving highly specic mass spectrom-
etry techniques.23,24

Particularly for epimers, it is also possible to use reversed-
phase chromatography (RPC). RPC is one of the most versatile
and exploited chromatographic technique, it is used in the
This journal is © The Royal Society of Chemistry 2020
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analysis of a wide range of compounds, and even if it cannot
provide separation of enantiomers, it allows separating diaste-
reomers such as peptide epimers.25,26 Nowadays, RPC offers
impressive exibility in terms of choice of chromatographic
support and eluent, in order to ensure separations with high
resolution, even for those compounds that present only small
structural differences. However, one of the main weaknesses of
the RPC technique, even using the latest generation columns, is
the analysis of basic compounds.27 It is already known that over
70% of pharmaceutical products are bases;27 this trend can also
be observed in the biopharmaceutical eld, and an increasingly
signicant number of compounds of biomedical and biological
importance has basic properties, such as the peptides con-
taining positively charged amino acids (histidine, lysine, and
arginine) described above.

Despite a large number of basic compounds produced by the
pharmaceutical and biopharmaceutical industries, their control
by liquid chromatography poses particular difficulties.
Focusing on the RP elution mode, many of these problems are
associated with the complex surface structure of the stationary
phase, which oen causes a critical peak tailing, and since the
content of impurities needs to be evaluated at low level (e.g.,
0.10%), the risk they go unnoticed in case they elute just aer
the main peak is very high.

In order to overcome these problems, charged surface hybrid
(CSH) packing materials, for the analysis of small basic
compounds under acidic pHs in RPLC, have been intro-
duced.28,29 In 2014, Gritti and Guiochon coined the term elec-
trostatic repulsion interactions RPLC (ER-RPLC) to describe this
new mixed-mode,30 which can be dened “static” ERRP since
the positive charges, usually quaternary ammonium species, are
chemically bonded to the silica surface. Despite the improve-
ments given by these packing materials, the problem of the
Fig. 1 The amino acid sequence of glucagon with modifications analyze
order of the reference standards in IP-RP.

This journal is © The Royal Society of Chemistry 2020
chromatographic behavior of positively charged compounds is
not entirely resolved.

In this scenario, we focused on Glucagon (GLUC 1) as a case
study. GLUC is a therapeutic peptide used in the treatment of
severe hypoglycaemia in type 1 diabetic patients.31 This peptide
is made up of 29 L-amino acids, and it is extremely challenging
from an analytical point of view because of the different
modications arising during its synthesis, such as racemization
of the rst histidine, that generate an epimeric isobaric impu-
rity ([D-His]1-GLUC 2). Moreover, it can undergo deamidation of
glutamines in positions 3, 20, and 24, producing the impurities
named [Glu]3-GLUC 3, [Glu]20-GLUC 5 and [Glu]24-GLUC 6 and
asparagines, forming [Asp]28-GLUC 4 (Fig. 1).

Lastly, it is a basic peptide with an isoelectric point between
7.5 and 8.5.32 Attempts exploited to efficiently separate deami-
dated impurities of Glucagon revealed the anion-exchange
chromatography as the best technique to separate and quan-
tify these impurities.33 However, this technique has no reso-
lutive power in discriminate epimers, such as [D-His]1-GLUC,
from the main product. For this reason, the possibility to have
a single chromatographic method to evaluate all the potential
impurities coming from the manufacturing process and the
degradative patterns will signicantly simplify the analysis. The
purpose of this work is, therefore, to develop an analytical
method useful for characterizing and identifying the main
impurities that can be found in basic biopharmaceuticals, with
a particular emphasis on epimeric peptide impurities.
2. Materials and methods
2.1 Instrumentation

All the analyses were performed on a Waters Acquity UPLC
(Ultra Performance Liquid Chromatography) instrument. This
instrument includes a binary solvent manager with a maximum
d in this work highlighted. The number in brackets refers to the elution

RSC Adv., 2020, 10, 12604–12610 | 12605



Table 1 Chromatographic data for separation of the six reference standards in Fig. S1

Rs 1-2 Rs 2-3 Rs 3-4 Rs 4-5 Rs 5-6 m0 (mm s�1) tG ¼ 60 minutes

A 0.94 0.98 3.79 — — 1.57 From 23% B to 28% B
B — — 1.20 — — 1.58 From 23% B to 28% B
C — — 2.28 — — 1.40 From 24% B to 29% B
D 0.87 0.92 2.56 — — 1.67 From 25% B to 29% B
E — — — — — 1.70 From 26% B to 31% B

Fig. 2 A typical RP monomeric-bonded silica (C18) endcapped with trimethylsilyl groups. It is worth nothing that in d-ERRP conditions, the
hydrophobic IP agent, present in the mobile phase (TBA), is adsorbed into the non-polar stationary phase due to its lipophilic alkyl chains. As
a result, the IP agent generates a positively charged fluid surface, exploiting electrostatic repulsion with basic analytes (B–H+) protonated under
acidic pHs conditions.

RSC Advances Paper
delivery ow rate of 2.0 mL min�1, an auto-sampler with a 5 mL
loop injection, a column heater, a PDA photodiode array
detector including a 500 nL ow cell, 80 Hz acquisition rate,
resolution 4.8 nm. No lter time constant was used. 250 and 350
� 0.1 mm (L � I.D.) Viper capillaries (inlet/outlet) were used in
order to minimize the extra-column contribution. With this
conguration, the extra-column volume and variance
Fig. 3 Analysis of a highly enriched GLUC (1) sample. Mobile phases 4 an
out by using a gradient time of 60minutes (chromatogram A on the right,
min), 50% B (70min) and 23% B (71 min)); and a gradient time of 15 minute
min), 29% B (16 min), 50% B (20 min), 50% B (25 min) and 26% B (26 min

12606 | RSC Adv., 2020, 10, 12604–12610
(measured through uracil in presence of a zero dead-volume
connector in place of the column) were 7.4 mL and 1.06 mL2

(at 0.6 mL min�1, mobile phase: 60 : 40 ACN/H2O), respectively.
Data acquisition and control of the UHPLC system was per-
formed with the Empower 3 soware by Waters.
d column E (flow rate: 0.4 mL min�1) were used. Analyses were carried
gradient elution: 23% B (0min), 23% B (1 min), 29% B (61min), 50% B (65
s (chromatogram B on the left, gradient elution: 26% B (0min), 26% B (1
)). The asterisk denotes an unknown impurity.

This journal is © The Royal Society of Chemistry 2020



Table 2 Relative area and signal to noise (S/N) of peaks of interest in
Fig. 3

* 1 3 2 4 5 6

Area (%) 0.4 97.4 0.4 0.4 0.5 0.5 0.6
S/N 32 5150 38 30 44 39 49

Paper RSC Advances
2.2 Chemicals

Reference standards, namely GLUC 1, [D-His]1-GLUC 2, [Glu]3-
GLUC 3, [Glu]20-GLUC 6, [Glu]24-GLUC 5 and [Asp]28-GLUC 4
were gently given by Fresenius Kabi IPSUM (Italy).

HPLC quality H2O and acetonitrile (ACN), tetrabutylammo-
nium hydroxide (TBAOH) 30-hydrate ($99% w/w), tetrabuty-
lammonium hydrogen sulfate (TBAHSO4) ($99% w/w),
triuoroacetic acid (TFA) ($99%) and phosphoric acid solution
(85% w/w) were purchased from Sigma Aldrich (St. Louis, MO,
USA). All the solvents were ltered before use on a 0.2 mm lter.
2.3 Chromatographic conditions

The mobile phases used in this work are the following: (1)
eluent A¼H2O + TFA 13.8 mM (0.1% v/v); eluent B¼ ACN + TFA
13.8 mM (0.1% v/v); (2) eluent A: H2O + H3PO4 15 mM + TBAOH
10 mM (wpH ¼ 2.2); eluent B ¼ ACN + H3PO4 15 mM + TBAOH
Fig. 4 Column: Halo peptide C18 (150 mm� 3.0 mm L � I.D.) 2.0 mm 16
+ H3PO4 6 mM (wpH ¼ 2.1); eluent B ¼ ACN + TBAHSO4 6 mM + TBAOH
23% B, 610 28% B, 650 50% B, 70 50% B, 71 23% B. Flow rate: 0.4 mL min
reference standards (1–6), red trace to GLUC sample (produced by SPPS

This journal is © The Royal Society of Chemistry 2020
10mM (ApppH¼ 3.8); (3) eluent A¼H2O + TFA 13.1mM (0.1% v/
v) + TBAOH 10 mM (wpH ¼ 2.5); eluent B ¼ ACN + TFA 13.1 mM
(0.1% v/v) + TBAOH 10 mM (ApppH ¼ 4.2); (4) eluent A ¼ H2O +
TBAHSO4 10 mM (wpH ¼ 2.0); eluent B ¼ ACN + TBAHSO4

10 mM (ApppH ¼ 2.7); (5) eluent A ¼ H2O + TBAHSO4 6 mM +
TBAOH 4 mM + H3PO4 6 mM (wpH ¼ 2.1); eluent B ¼ ACN +
TBAHSO4 6 mM + TBAOH 4 mM + H3PO4 6 mM (ApppH ¼ 3.0).

2.4 Columns

Several C18 columns with different features, such as column
packed with fully porous particles (FPP) such as CSH and BEH
technology particles [(A) ACQUITY UPLC® CSH C18 (100 mm �
3.0 mm L � I.D.) 1.7 mm 130 �A, (B) ACQUITY UPLC® BEH C18
(100 mm � 3.0 mm L� I.D.) 1.7 mm 130�A, (C) ACQUITY UPLC®
BEH C18 (150 mm � 2.1 mm L � I.D.) 1.7 mm 300 �A], up to
those packed with supercially porous particles (SPP) [(D) Halo
peptide C18 (150 mm � 4.6 mm L � I.D.) 2.7 mm 160�A, (E) Halo
peptide C18 (150 mm � 3.0 mm L � I.D.) 2.0 mm 160 �A] were
used.

3. Results & discussion
3.1 Ion-pair reversed-phase chromatography

The rst attempt to analyze GLUC and its modications was
using triuoroacetic acid (TFA) in the mobile phase, in order to
0�A. Mobile phase 5: eluent A ¼ H2O + TBAHSO4 6 mM + TBAOH 4mM
4mM + H3PO4 6 mM (ApppH ¼ 3.0). Gradient profile: start 23% B, 00–10
�1. Tcol: 50 �C. UV detection at 214 nm. Black chromatogram refers to
). The asterisk denotes an unknown impurity.

RSC Adv., 2020, 10, 12604–12610 | 12607



Table 3 Mean retention times (RT) and % relative standard deviation
(RSD) of retention time referred to five replicates of analysis reported in
Fig. 4

Peak no. Mean RT (min) RSD (%) of RT

1 50.68 0.056

RSC Advances Paper
work at acid pH and in ion-pair mode. As can be seen from
Fig. S1 ESI† and Table 1, unacceptable asymmetry factors and
poor efficiency and diastereoselectivity were recorded. However,
the best results were obtained with the CSH column, conrming
the enhanced effect of the positively charged surface in the
resolution of these impurities.
3 51.905 0.041
2 52.67 0.188
4 54.29 0.104
6 56.365 0.113
5 57.68 0.098
3.2 Development of dynamic-electrostatic repulsion
reversed-phase chromatography

Starting from this point, our study aimed to boost the separa-
tion of basic peptides by using in mobile phase a hydrophobic
positively charged ion pair (IP) agent.

The hydrophobic IP agent, present in the mobile phase, is
adsorbed into the non-polar stationary phase due to its lipo-
philic alkyl chains. As a result, the IP agent generates a posi-
tively charged uid surface, exploiting electrostatic repulsion
with basic analytes under acidic pH conditions (Fig. 2).

In this way, it is possible to mitigate the inuence of unwanted
interactions resulting in symmetrical peaks with shorter retention
times compared to traditional RPLC, and therefore, faster anal-
ysis. This chromatographic strategy can be called “dynamic” d-
ERRP in analogy to the term coined in 2014 by Gritti and Guio-
chon (the combination of intermolecular interactions is the same)
but, in this case, the process is dynamic because it is generated in
situ by the ow of the mobile phase.

Tetra butyl ammonium (TBA) was chosen as the IP cation
(10 mM in mobile phase); moreover, several acid additives were
used in order to make the pH of mobile phases acid (pH z 2.5)
and to study the chromatographic results changing the mobile
phase anion. The columns described above were used, except
for the CSH (which already has positively charged species
covalently bound to the stationary phase).

The improvement turned out to be surprising: from the
chromatograms obtained (Fig. S2 and Table S1 ESI†), it was
clear that GLUC and its epimer [D-His]1-GLUC were entirely
solved, and resolution values were considerably higher than
those registered in IP-RP. The effect of repulsive interactions is
clearly shown by the retention factor: in fact, about 7% less ACN
was needed (compared to IP-RPLC) in order to maintain k

0
app.

However, by using H3PO4 (15 mM), peak tailing was still
present. The lowest asymmetry factor for GLUC was 2.3.
According to this, as to decrease the asymmetry factors, we
replaced the precedent acidic modier with triuoroacetic acid
(TFA, 13.1 mM), providing better results. Peak shapes were
improved on all the columns; however, on the other hand, we
observed a decrease of Rs, even if the values were all higher than
1.2 (Fig. S3 and Table S2 ESI†). Excellent resolutions and good
peak shape were achieved using 10 mM TBAHSO4 in the mobile
phase (Fig. S4 and Table S3 ESI†). Notably, by using TBAHSO4 as
an additive, we noted the inversion of the elution order between
[D-His]1-GLUC and [Glu]3-GLUC, and [Glu]24-GLUC and [Glu]20-
GLUC. Moreover, a higher content of ACN (compared to that
used in the last two analyses described above) is needed in order
to elute analytes. Under these conditions, with a gradient time
of 60 minutes, we performed the analysis of a GLUC sample
(produced by SPPS) enriched with the above-described
12608 | RSC Adv., 2020, 10, 12604–12610
impurities (Fig. 3A); the [D-His]1-GLUC was easily integrated
into a highly enriched sample. Furthermore, the technique was
found to be highly sensitive also for all the deamidated impu-
rities, allowing us to identify and quantify all of them (Table 2).
Outstanding results were also obtained with a short gradient of
15 minutes (Fig. 3B). Even in this case, the resolutions between
GLUC and [D-His]1-GLUC were higher than 1.5, making this
approach useful for the high-throughput analysis of many
samples, e.g., all the fractions coming out from the downstream
process (preparative purication) of peptides. Since the use of
TBAHSO4 was found to be kinetically favorable (e.g., narrower
and more efficient peaks), and that the use of H3PO4 and
TBAOH (10 mM) instead provides greater selectivity between
GLUC and [D-His]1-GLUC, we decided to use a mixture of the
two anions in mobile phase (maintaining the concentration
TBA 10 mM) obtaining the best separation (Fig. 4).

In order to evaluate the repeatability of the method, we have
replicated the analyses reported in Fig. 4, ve times. The values
of RSD (%) of retention times are reported in Table 3.

Several basic-peptides were analysed using thismethod, and for
the sake of completeness, we reported in ESI (Fig. S5 and S6 ESI†)
some examples. In particular, the analysis of tetracosactide,
(Fig. S6 ESI†) a synthetic basic peptide of 24-amino acid, whose
theoretical isoelectric point is 10.64, allows to appreciate the
signicant improvement in terms of asymmetry factor from
“static”-ERRP (As: 7.73 by using a CSH column and mobile phase
1) to d-ERRP (As: 1.10 by using column E, C18 based and
commercially available, with the mobile phases 5).

Moreover, our group has recently published the results of the
use of TBAOH in analysis of small basic-molecules.34

Lastly, it is worth noting the difference in loading that has
been observed between IP-RP, “static”-ERRP, and d-ERRP.
Working in d-ERRP, the chromatographic system responds
much better respect to the other techniques when an increased
mass of analyte is injected into the column. This makes it
a useful technique for the analysis of impurities in trace
amounts that elutes aer the main peak, allowing to match the
tight specication requested by the worldwide regulatory
agencies (Fig. S7 ESI†).35

4. Conclusion

To the best of our knowledge, it is the rst time that an ion pair
agent (such as the TBA) is used for promoting the elution of
This journal is © The Royal Society of Chemistry 2020
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a peptide that, at the operating pH, has the same (positive)
charge as the IP-agent. This electrostatic repulsion mechanism
occurs thanks to the TBA adsorbed on the apolar stationary
phase (C18) through a van der Walls interactions network
between its alkyl chain and octadecyl chain on silica particles
surface. This mechanism is conrmed by the lower amount of
ACN required for the elution of the analyte in d-ERRP respect to
IP-RP. In fact, due to the repulsive effect exploited by TBA on the
product GLUC, it has less interaction with the stationary phase
and elutes earlier respect to the IP-RP analysis.

Moreover, it is noteworthy to observe that the developed d-
ERRP strategy for GLUC is so effective in discriminating its
epimer [D-His]1-GLUC, probably thanks to the basic nature of
the amino acid involved (histidine). This constitutes a very
attractive feature of this approach since histidine is probably
the most susceptible to the epimerization of the natural amino
acids.36

Nevertheless, comparing analyses carried out using mobile
phases with the same pH, the same concentration of TBA (10
mM) but different mobile phase anion, we noted signicant
differences in selectivity, resolution, peak shape, and content of
ACN needed in order to elute analytes. This aspect underlines
how the different nature of the anion inuences the equilibria
that arise in the system. Indeed, the mechanism by which
anions in the mobile phase (H2PO4

�, CF3COO
� and HSO4

�)
inuences the chromatographic performance of the system can
be attributed to their ranking in the Hofmeister series.37 The
rationalization of the different equilibria that can be in such
system is not trivial; indeed, while the adsorption of IP agent on
the hydrophobic stationary phase has been and profoundly
evaluated,38,39 and a rationale of the behavior of inorganic
additive in RPLC has been assessed,40–44 the presence of both
additives has not yet been taken into consideration, as well as
a comprehensive theoretical model.

However, it is not a technique that can be interfaced with
mass spectrometry due to the low volatility of IP agents. Attempt
to adapt the strategy using volatile IP agents, such as TEA
(Fig. S8 ESI†), did not provide comparable results. Anyway, in
the case of epimers discrimination, where the d-ERRP approach
reveals its efficacy, the chromatographic separation is more
signicant than MS detection.

In conclusion, we developed an effective and sensitive
method for the separation of related substances present in
peptides with basic properties. Using Glucagon as a case study,
the d-ERRP method proved to be able to entirely separate
epimers and other process/degradative species using only one
single chromatographic method, reducing the peak tailing,
decreasing the analysis time, and decreasing the amount of
organic modier needed. Furthermore, the proposed method is
of general applicability; in fact, it can be used with all the
appropriate silica-based RP packings material, for the analysis
of basic proteins, peptides, and small molecules. Even if the
retention mechanism still needs to be fully claried and will be
the subject of further studies, the reported d-ERRP approach
will provide a novel, enhanced instrument on the toolbox of the
analyst, improving the evaluation of the quality of the marketed
This journal is © The Royal Society of Chemistry 2020
molecules and candidates, in the quest of safer and more
effective drugs for the patients.
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