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Abstract: Peptides are a class of biomolecules with a great potential from the therapeutic point of
view, because of their unique biological properties. Industrially, the production stategies adopted
produce both the target peptide and a series of impurities that must be removed. Preparative chromatography is the technique of choice for the large-scale purification of biomolecules, generally
performed in reversed-phase mode, using hydrophobic adsorbents (e.g., C8 stationary phases). A
promising and innovative alternative is represented by mixed-mode columns, which bear two different ligands on the particle surface, exploiting two different retention mechanisms to improve
the separation. This work represents a proof-of-concept study focused on the comparison of a hydrophobic adsorbent and a mixed-mode one (bearing both hydrophobic groups and charged ones)
for the purification of a crude peptide mixture. Thanks to more-favourable thermodynamics, it was
found that, when collecting the whole peak excluding fractions of the peak tail, the mixed-mode
column led to an increase in the recovery of roughly +15%, together with a slight improvement in
purity at the same time, with respect to the traditional hydrophobic column. In addition, if the whole
peak, including the tail, is collected, the performance of the two columns are similar in terms of
purity and recovery, but the pepetide elutes as a narrower peak with the mixed mode. This leads to
a collection pool showing a much-higher peptide concentration and to lower solvent volumes needed,
which is a beneficial achievement when targeting more sustainable processes. These results are very
advantageous from the industrial viewpoint, because they also involve a decrease in the peptide
amount contained in the peak tail, which must be reprocessed again to satisfy purity requirements.
Keywords: stationary phases; mixed-mode chromatography; reversed-phase chromatography;
peptide purification; preparative chromatography

iations.
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In the last decades, the market of biopharmaceuticals, including protein-, peptideand oligonucleotide-based therapeutics, has experienced an impressive increase due to
the biological properties of this new class of molecules being potentially promising for
medical applications [1–4]. Recent advancements in the production strategies, such as
in genomics, proteomics recombinant strategies and peptide synthesis, have pushed even
further the development of these new drugs [5–8]. Compared to traditional small molecules,
biopharmaceuticals exhibit higher specificity and potency, which derive from their complex
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three-dimensional structures [9,10]; in addition, their action results are effective even at
very-low concentrations [11]. Due to their structural complexity, their synthesis processes,
which make use of technologies such as solid-phase peptide synthesis (SPPS) or chemoenzymatic peptide synthesis (CEPS) [12–15], often deliver the principal product together
with several unwanted impurities, lowering the overall upstream yield. Accordingly,
purification steps are required to achieve the purity constraints set by regulatory agencies,
such as FDA, for active pharmaceutical ingredients (APIs) [16].
The increasing interest towards peptides as a new class of pharmaceuticals has contributed to intensify the demand for innovative and better-performing purification methods.
The main technique employed for peptide purification is preparative chromatography,
especially carried out in revesed-phase conditions (RPC) due to the hydrophobicity of
peptides [17]. Generally, however, a single purification step is not sufficient to separate
the target molecule from all other species [18]; therefore, different chromatographic modes
are often used consecutively to get rid of several types of impurities. This approach, which
is of utmost importance at an industrial level, is referred to as orthogonality: two techniques
are orthogonal if they separate compounds depending on two different types of interactions. The combination of orthogonal methods helps to address separation issues that
could not be solved using a single technique [19]. Three chromatographic modes with
orthogonal selectivities, for instance, are reversed-phase chromatography, size-exclusion
chromatography and ion-exchange chromatography, which separate analytes mainly based
on their hydrophobicity, dimensions and charge, respectively.
In addition to applying two different techniques consecutively, orthogonal separations
can be achieved within the same column when the stationary-phase particles are functionalised with two different ligands, to combine two separation mechanisms in a single
chromatographic step [20]. The technique where the stationary phase bears ligands with
different reactivities is referred to as mixed-mode chromatography [21]. Traditional mixedmode materials contain two functional groups with different chemistries on the same
ligand, while more recent mixed-mode stationary phases exhibit two different ligands, one
with a higher superficial concentration and a second one having a much lower surface
density. For example, some reversed-phase stationary phases can be doped with small
amounts of ion-exchange ligands, forming a so-called doped reversed phase (DRP). Since,
in these cases, the ligands are two distinct functional groups, the surface concentration of
each on their solid-phase particles can be accurately chosen. It has been demonstrated by
Khalaf et al. that the surface density of the doping groups is linearly dependent on their
concentration in the mixture used to derivatize the stationary phase [18,22,23].
The doping ion-exchange ligands can work in “attractive” or “repulsive” ways, depending on the experimental conditions used [20,22,24]: they exhibit repulsion towards
the analytes having their same charge and attraction towards the ones with an opposite
charge sign. On the other hand, the reversed-phase ligands act in an attractive way towards
hydrophobic molecules, and, therefore, the whole stationary phase can work globally
in “attractive–attractive” or “attractive–repulsive” ways. In traditional reversed-phase
chromatography, more hydrophobic species are more retained, whereas less-hydrophobic
(including charged) components elute first. When working in attractive–attractive mode,
compounds charged with the opposite charge of the dopants experience an increase in retention. This leads to a decrease in resolution because those that would be the first eluting
peaks in traditional RP chromatography, in this case move towards more retained ones,
whose position is not influenced by the dopants. On the contrary, in attractive–repulsive
mode, the repulsion performed by the dopants on the analytes with the same charge sign
push them to elute earlier. Again, the hydrophobic species are not affected by the presence
of doping ligands. This leads to an increase in the resolution between hydrophilic charged
species and more retained hydrophobic peaks. From this purely theoretical explanation,
it seems clear that DRP materials are expected to perform better in attractive–repulsive
mode. When dealing with peptides, their isoelectric point (pI) defines the sign of their
charge depending on the pH of the mobile phase. Particularly, when the mobile-phase
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pH is below the pI, the peptide is positively charged, whereas at a pH higher than the pI,
the peptide is negatively charged. Therefore, to work in attractive–repulsive mode, for mobile phases where pH < pI, anion-exchange materials (AIEX) must be chosen; otherwise,
for phases with pH > pI, cation-exchange resins (CIEX) must be used [23].
This study is intended to be a proof of concept that, since the combination of attractive and repulsive interactions causes an increase in the resolution of peaks of analytes
with different chemistry, the use of these doped stationary phases can be potentially
beneficial for preparative applications. The compound that has been purified in this
study is liraglutide, an analog of human GLP-1 (glucagon-like-peptide 1), a potent bloodglucose-lowering hormone physiologically secreted in the duodenum in response to food
intake. It is a 31 amino acids polypeptide, acylated with a group -Glu-palmitoyl on Lys(1)
(sequence: H-His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-AlaAla-Lys(1)-Glu-Phe-Ile-Ala-Trp-Leu-Val-Arg-Gly-Arg-Gly-(OH)-palmitoyl-Glu(1)-OH) with
a pI of 4.9 and a molecular mass of 3751 g/mol [25]. Derivatization with a fatty acid side
chain and a glutamyl spacer is needed to improve pharmacokinetic and pharmacodynamic
properties, to prolong its plasma half-life time [26,27]. In this study, reversed-phase and
doped reversed-phase resins were tested and compared for the purification of a mixture of
this peptide industrially obtained by means of SPPS. Particularly, the mixed-mode stationary phase was a reversed-phase resin loaded with a defined percentage of cation-exchange
groups. By operating at a pH above the pI of liraglutide, the electrostatic interactions
between the negatively charged peptide and the cation-exchange groups on the resin become repulsive, while the hydrophobic C8 chain positively interacts with the hydrophobic
peptide, globally resulting in the already-mentioned “attractive–repulsive” effect.
2. Materials and Methods
2.1. Peptide
The crude mixture of liraglutide was synthesized by means of solid-phase synthesis by
Fresenius Kabi iPSUM (Villadose, Rovigo, Italy). The peptide constitutes 34% of the crude
mixture based on weight. All crude peptide samples (from now on called feed) were
prepared in order to obtain a concentration of 1 g/L; in addition, the feed was filtered
before injection using a Millipore apparatus with 0.45 µm membrane filters produced by
Carlo Erba Reagents (Milan, Italy). Liraglutide in the feed has a chromatographic purity of
49%, measured with the analytical method reported in Section 2.4.
For the HPLC calibration curve (area vs. concentration), standard solutions of liraglutide
were prepared by dissolving pure liraglutide, provided by Fresenius Kabi iPSUM (Villadose,
Rovigo, Italy), as described for the feeds, in a concentration range from 0.1 to 2 g/L.
2.2. Columns and Buffers
Two different reversed-phase resins with the same column dimensions (250 × 4.6 mm)
were employed in this study: a Daisogel-SP-10 µm-C8-Bio column with pore size 120 Å,
by Dr. Maisch Daisogel (Ammerbuch, Germany), functionalised with C8 chains, and a dopedreversed phase ZEOsphere-DRP-10 µm-C8-C10 column with pore size 120 Å, produced by
Zeochem AG (Uetikon am See, Switzerland), functionalized with both C8 chains and 10% of
sulfonates group (CIEX ligands). All reagents for buffers preparation were purchased from
Sigma-Aldrich (St. Louis, MI, USA), including acetonitrile, triethylamine, phosphoric acid 85%,
trifluoroacetic acid. Particularly, for preparative applications, the mobile phases used were
MP-A: triethylamine phosphate buffer 25 mM, with pH corrected to 8.5 using orthophosphoric
acid 85%, and MP-B: ACN. The mobile phases used for analytical experiments were MP-A:
0.05% TFA in water, and MP-B: methanol:water:acetonitrile:TFA 80:15:5:0.05.
2.3. Preparative Chromatographic Equipment and Methods
Preparative chromatography experiments were performed at room temperature using
an ÅKTA pure 25L instrument (GE Healthcare, Uppsala, Sweden), equipped with a fraction
collector and operated through the Unicorn software. The detector wavelength was set at 300 nm.
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The purification method used included an equilibration step at 15% MP-B 1 CV long,
where CV is the geometrical column volume, corresponding to 4.2 mL for a 250 × 4.6 mm
column. Then the sample was loaded into the column in order to obtain a concentration of
10 mg of peptide per mL of stationary phase, which corresponds to a loaded volume of
42 mL of feed with a concentration of 1 g/L. After the loading, the column was washed for
2 CVs with 15% MP-B. A first gradient was used to increase rapidly the MP-B percentage
(from 15 to 34.5% in 1 CV). A second, much-shallower gradient was used for the main purification step, where MP-B percentage increased from 34.5 to 39.5% in 6 CVs at a very low
flow rate (0.5 mL/min). The washing step lasted for 10 CVs, at a constant percentage of
MP-B (75%). In all the steps but the second gradient, the flow rate was 2 mL/min.
During the elution, fractions were periodically collected (1 fraction every mL eluted),
diluted with water, if necessary, and analysed offline (see Section 2.4).
2.4. Analytical Chromatographic Equipment and Methods
Analytical chromatographic analyses were performed on an Agilent 1100 Series Capillary LC (Agilent, Santa Clara, CA, USA), equipped with a binary pump system, an autosampler and a diode array detector set at 220 nm. The column thermostat was set at
25 ◦ C and the injection volume was 8 µL. The column employed for analytical experiments
was a Cortecs C18+, 150 × 4.6 mm, 2.7 µm (Waters, Milford, MA, USA).
The elution was performed in gradient conditions, with MP-B varing from 80 to 95%
in 30 min, followed by a second gradient from 95 to 100% B in 5 min, a washing step with
100% B and then a re-equilibration step, at the initial conditions.
3. Results and Discussion
The purification method described in Section 2.3 was used to purify the liraglutide
crude mixture in order to increase the peptide purity from 49 to at least 90% after collecting
and pooling the fractions eluted along the gradient. All the fractions were analysed offline
in order to obtain, for each, the peptide concentration, purity and recovery. By identifying
the concentration and the volume of every fraction (see Section 2.3), the mass of the peptide
could be determined.
For a single fraction, purity, which is the most-important parameter to consider when
evaluating the outcome of a purification, is the area of the target peak (A pept f rac ) divided by
the total area of all the peaks integrated (Atot f rac ) in that fraction, which also includes impurities:
Purity (%) =

A pept f rac
Atot f rac

(1)

Besides purity, recovery can also be evaluated for each fraction. It is defined as
Recovery (%) =

m pept f rac
m pept inj

(2)

which is the mass of the peptide contained in a fraction divided by the total peptide
mass injected.
Both recovery and purity were calculated as percentage.
Figure 1a shows the preparative chromatogram, zoomed between 14 and 20 CV
elution, obtained by using the traditional reversed-phase column (C8), in orange, and the
concentration profile of liraglutide along the gradient in green. Right before CV = 20, the UV
signal increases sharply because the gradient has ended and the stripping procedure is
being performed. As can be seen, the peptide concentration profile is very broad and tailed.
On the other side, the main peak is much less tailed when using a mixed-mode column (C8+
10% of cation-exchange groups), as shown in Figure 1b, where the UV profile is in violet
and the concentration profile is shown in red. By comparing the two concentration profiles,
it can be noted that, with the doped column, the whole peak elutes in about 2 CVs; whereas
with the C8 column it elutes with in 3.5 CVs, results that are much broader.
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Figure 1. UV profile and concentration profile of the target peptide using (a) a C8 column and (b) a mixedmode column. The coloured regions represent the pooled windows (see the text for further details).

Beside being narrower, the peak also elutes earlier when using the mixed-mode
column, as can be seen by superimposing the two chromatograms (see Figure 2). This is
due to the repulsive effects established between the charged ionic groups on the stationary
phase and the peptides, both negatively charged. Indeed, the pH of the mobile phase, which
was 8.5, was higher than the isoelectric point of liraglutide (4.9), so the peptide exhibits
a negative charge in these chromatographic conditions. Therefore, in these experiments,
the column was employed in attractive–repulsive mode. Beside the main peak, the decrease
in retention using the doped column is also quite evident when considering a late-eluting
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group of impurities. These species elute just before the stripping phase, around 19 CVs,
with the C8 column, but they elute earlier, between 17 and 18 CVs, with the mixedmode column.
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Figure 2. Comparison between chromatographic profiles obtained with C8 (orange) and mixed-mode
(violet) columns. The main peak and other species elute earlier because of the repulsive effects
established between doping ligands and the feed components, both negatively charged.

For each column, a so-called Pareto curve was also obtained, starting from the offline
analysis of the fractions collected along the gradient. This curve reports the variation in
purity with recovery [2,16,28]. These two parameters vary inversely: the purest fraction of
the peak only contains a small percentage of the peptide mass injected. On the other hand,
when the collection window is broadened, the recovery increases, but some side impurities
are collected together with the target compound. This results in a decrease in the purity.
The Pareto curve is obtained by considering first the purest fraction, which also exhibits
the lowest recovery, and then pooling it with the purest adjacent fraction. This pool is then,
again, pooled with the purest adjacent fraction in order to increase the recovery, and so on
and so forth until the whole target peak has been collected. This corresponds to the case
where the purity is as low as possible.
The Pareto curves obtained using the two columns with the same preparative method
as described in Section 2.3 are shown in Figure 3. It is worth noting that, at very high values
of purity, the Pareto curve obtained with the mixed-mode column lies above the curve
obtained with the C8 column. This means that, in this particular region of the Pareto
curve, the doped column allows for higher purities than the C8, with the recovery being
similar. A similar behavior is also present at very-high recoveries, even if to a lesser extent.
In the central region, however, the purity results are higher for the C8 column. The reason
why, when using these particular conditions, the doped column Pareto curve does not lie
above the other curve for the whole range of recovery could be that the charged peaks result
is much narrower but they also elute closer to each other because of the attractive–repulsive
effect. For instance, the late-eluting peaks on the right of the target peak possibly overlap
with the tail of liraglutide in the case of the mixed-mode column.
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Figure 3. Comparison between the Pareto curves obtained with the two columns in the same
chromatographic conditions (C8: orange; MM: violet).

One of the major advantages of using the mixed-mode column is the peak shape
obtained, which is much-narrower and less-tailed. From the industrial point of view,
after deciding the purity limitation that the pool collected must fulfill, the side regions of
the main peak, which overlap with close-eluting impurities, must be reprocessed, in order
to not waste large amounts of the target peptide. It is clear that this further purification step
is not beneficial in terms of time, cost and waste. Therefore, an interesting option that shows
the benefits provided by the doped column would be to collect the main peak excluding
the tail, as highlighted in the chromatograms in Figure 1a,b. The performance obtained for
the two columns when pooling this portion of the chromatogram are reported in Table 1.
It results that, with the mixed-mode column, the purity can be slightly improved (+2.5%)
while the recovery increases by +15%. A direct consequence is that a smaller percentage
of the target product must be reprocessed in a following purification step when using
the mixed-mode column (about half, with respect to the C8 column), which corresponds to
the peptide recovery of the the liraglutide peak tail discarded.
Table 1. Performance parameters obtained with the two columns when pooling the target peaks with
the exception of their tails, and amount of peptide that must be reprocessed in both cases because of
liraglutide under the discarded tails.
Recovery (%)

Purity (%)

Amount to be Reprocessed (%)

C8 column

77.6

92.8

22.4

Doped column

88.9

95.0

11.1

Alternernatively, if the whole peak satisfies the purity requirements, it can be entirely
collected. In this case, it elutes completely in 2 CVs with the mixed-mode column and
3.5 CVs with the C8 column. This results in a pool with a higher concentration, in the first
case. In addition, the duration of the method could be reduced and the gradient could be
stopped after the main peak elution, with a considerable saving of time and solvents.
4. Conclusions
Mixed-mode resins are alternative, promising stationary phases that exploit two retention mechanisms generally based on hydrophobicity and charge interactions. Their use
can be particularly beneficial when dealing with complex mixtures such as peptide crude
samples, for which more traditional stationary phases do not allow to obtain enough
chemoselectivity. At pHs above the peptide isoelectric point, a repulsive effect is estab-
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lished between the target compound and the charged cation-exchange ligands doping
the stationary phase, which are both negatively charged. As a result, the peaks become
narrower and their retention decreases; in addition, the main peak is much less-tailed.
In this study, an industrial crude liraglutide mixture was purified with both a C8 column and a C8 stationary phase doped with 10% cation-exchange groups. It was shown that,
if collecting the whole peak or if collecting the purest fractions, the mixed-mode column
shows slightly better performance with respect to the C8. The most relevant aspect is that,
when the target peak is collected by discarding the tailed part, the mixed-mode column
allows to increase the recovery by +15%, at a slightly higher purity. From an industrial
viewpoint, it is convenient for the target peak to be as little tailed as possible, in order to
minimize the side portions of the peak, which must be recycled in a subsequent purification
step. This leads to an increase in productivity and to an improvement in the overall process
performance, also from the point of view of the greenness of the process, since smaller
solvent amounts would be required. This research is to be intended as a proof-of-concept
study for the particular purification of liraglutide, but similar outcomes are expected also
for different crude-peptide mixtures when using these resins.
Author Contributions: Conceptualization, S.F. and C.D.L.; methodology, L.P. and M.M.; formal
analysis, G.L. and D.B.; investigation, G.L., L.F. and D.B.; data curation, T.C. and L.P.; writing—
original draft preparation, S.F. and M.M.; writing—review and editing, M.C. and C.D.L.; supervision,
M.C., A.C., A.R. and W.C.; funding acquisition, A.C., A.R. and W.C. All authors have read and agreed
to the published version of the manuscript.
Funding: Chiara De Luca benefits from funding FSE REACT-EU, within the program PON “Research
and Innovation” 2014-2020 (PON R&I), Action IV.6 “Contratti di ricerca su tematiche Green”.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: The authors thank Fresenius Kabi iPSUM for providing the peptide mixture and
the columns.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.

5.
6.
7.
8.
9.
10.

Nogueira, R.; Lämmerhofer, M.; Lindner, W. Alternative high-performance liquid chromatographic peptide separation and
purification concept using a new mixed-mode reversed-phase/weak anion-exchange type stationary phase. J. Chromatogr. A
2005, 1089, 158–169. [CrossRef] [PubMed]
De Luca, C.; Felletti, S.; Bozza, D.; Lievore, G.; Morbidelli, M.; Sponchioni, M.; Cavazzini, A.; Catani, M.; Cabri, W.; Macis, M.;
et al. Process Intensification for the Purification of Peptidomimetics: The case of Icatibant through Multicolumn Countercurrent
Solvent Gradient Purification (MCSGP). Ind. Eng. Chem. Res. 2021, 60, 6826–6834. [CrossRef]
De Luca, C.; Felletti, S.; Lievore, G.; Chenet, T.; Morbidelli, M.; Sponchioni, M.; Cavazzini, A.; Catani, M. Modern trends
in downstream processing of biotherapeutics through continuous chromatography: The potential of Multicolumn Countercurrent
Solvent Gradient Purification. Trends Analyt. Chem. 2020, 132, 116051. [CrossRef] [PubMed]
Catani, M.; De Luca, C.; Medeiros Garcia Alcântara, J.; Manfredini, N.; Perrone, D.; Marchesi, E.; Weldon, R.; Müller-Späth, T.;
Cavazzini, A.; Morbidelli, M.; et al. Oligonucleotides: Current trends and innovative applications in the synthesis, characterization
and purification. Biotechnol. J. 2020, in press.
Walsh, G. (Ed.) Biopharmaceutical: Biochemistry and Biotechnology; John Wiley & Sons: Hoboken, NJ, USA, 2013.
Sekhon, B.S. Biopharmaceuticals: An overview. Thai J. Pharm. Sci. 2010, 34, 1–19.
Pfister, D.; Nicoud, L.; Morbidelli, M. Continuous Biopharmaceutical Processes: Chromatography, Bioconjugation and Prote in Stability;
Cambridge University Press: Cambridge, UK, 2018.
Vanhee, C.; Janvier, S.; Desmedt, B.; Moens, G.; Deconinck, E.; De Beer, J.O.; Courselle, P. Analysis of illegal peptide biopharmaceuticals frequently encountered by controlling agencies. Talanta 2015, 142, 1–10. [CrossRef]
Pettit, D.K.; Gombotz, W.R. The development of site-specific drug-delivery systems for protein and peptide biopharmaceuticals.
Trends Biotech. 1998, 16, 343–349. [CrossRef]
Patel, J.; Kothari, R.; Tunga, R.; Ritter, N.M.; Tunga, B.S. Stability Considerations for Biopharmaceuticals: Overview of Protein
and Peptide Degradation Pathways. BioProcess Int. 2011, 9, 20–31.

Separations 2022, 9, 125

11.

12.

13.

14.
15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

9 of 9

De Luca, C.; Felletti, S.; Macis, M.; Cabri, W.; Lievore, G.; Chenet, T.; Pasti, L.; Morbidelli, M.; Cavazzini, A.; Catani, M.; et al.
Modeling the nonlinear behavior of a bioactive peptide in reversed-phase gradient elution chromatography. J. Chromatogr. A
2020, 1616, 460789. [CrossRef]
Nuijens, T.; Toplak, A.; de Meulenreek, V.; Mathijs, B.A.C.; Schmidt, M.; Goldbach, M.; Janssen, D.B.; Quaedflieg, P.J.L.M.
Chemo-enzymatic peptide synthesis (CEPS) using omniligases and selective peptiligases: Efficient biocatalysts for assembling
linear and cyclic peptides and prote in conjugates. Chem. Today 2016, 34, 16–19.
Pawlas, J.; Nuijens, T.; Persson, J.; Svensson, T.; Schmidt, M.; Toplak, A.; Nilsson, M.; Rasmussen, J.H. Sustainable, cost-efficient
manufacturing of therapeutic peptides using chemo-enzymatic peptide synthesis (CEPS). Green Chem. 2019, 21, 6451–6467.
[CrossRef]
Merrifield, R.B. Solid Phase Synthesis. I. The Synthesis of a Tetrapeptide. J. Am. Chem. Soc. 1963, 85, 2149–2154. [CrossRef]
Ferrazzano, L.; Catani, M.; Cavazzini, A.; Martelli, G.; Corbisiero, D.; Cantelmi, P.; Fantoni, T.; Mattellone, A.; De Luca, C.; Felletti,
S.; et al. Sustainability in peptide chemistry: Current synthesis and purification technologies and future challenges. Green Chem.
2022, 24, 975–1020. [CrossRef]
De Luca, C.; Felletti, S.; Lievore, G.; Buratti, A.; Vogg, S.; Morbidelli, M.; Cavazzini, A.; Catani, M.; Macis, M.; Ricci, A.; et al.
From batch to continuous chromatographic purification of a therapeutic peptide through Multicolumn Countercurrent Solvent
Gradient Purification. J. Chromatogr. A 2020, 1625, 461304. [CrossRef] [PubMed]
Bernardi, S.; Gétaz, D.; Forrer, N.; Morbidelli, M. Modeling of mixed-mode chromatography of peptides. J. Chromatogr. A 2013, 1283, 46–52.
[CrossRef] [PubMed]
Khalaf, R.; Forrer, N.; Buffolino, G.; Gétaz, D.; Bernardi, S.; Butté, A.; Morbidelli, M. Doping reversed-phase media for improved
peptide purification. J. Chromatogr. A 2015, 1397, 11–18. [CrossRef]
Venkatramani, C.J.; Zelechonok, Y. Two-dimensional liquid chromatography with mixed mode stationary phases. J. Chromatogr.
A 2005, 1066, 47–53. [CrossRef]
De Luca, C.; Lievore, G.; Bozza, D.; Buratti, A.; Cavazzini, A.; Ricci, A.; Macis, M.; Cabri, W.; Felletti, S.; Catani, M. Downstream
Processing of Therapeutic Peptides by Means of Preparative Liquid Chromatography. Molecules 2021, 26, 4688. [CrossRef]
Zhang, K.; Liu, X. Mixed-mode chromatography in pharmaceutical and biopharmaceutical applications. J. Pharm. Biomed. Anal.
2016, 128, 73–88. [CrossRef]
Khalaf, R.; Forrer, N.; Buffolino, G.; Butté, A.; Morbidelli, M. Model-based description of peptide retention on doped reversedphase media. J. Chromatogr. A 2015, 1407, 169–175. [CrossRef]
Forrer, N.; Erdmann, M.; Gétaz, D.; Morbidelli, M.; Bernardi, S.; Khalaf, R. Doped Materials for Reverse Phase Chromatography.
Patent Application No. WO2013143012A1, 3 October 2013.
Gritti, F.; Guiochon, G. Separation of peptides and intact proteins by electrostatic repulsion reversed phase liquid chromatography.
J. Chromatogr. A 2014, 1374, 112–121. [CrossRef] [PubMed]
Presas, E.; Tovar, S.; Cuñarro, J.; O’Shea, J.P.; O’Driscoll, C.M. Pre-Clinical Evaluation of a Modified Cyclodextrin-Based
Nanoparticle for Intestinal Delivery of Liraglutide. J. Pharm. Sci. 2021, 110, 292–300. [CrossRef] [PubMed]
Vilsbøll, T. Liraglutide: A hum an GLP-1 analog for Type 2 diabetes. Therapy 2009, 6, 199–207. [CrossRef]
Knudsen, L.B. Inventing Liraglutide, a Glucagon-Like Peptide-1 Analogue, for the Treatment of Diabetes and Obesity. ACS
Pharmacol. Transl. Sci. 2019, 2, 468–484. [PubMed]
Müller-Späth, T.; Ströhlein, G.; Lyngberg, O.; Maclean, D. Enabling high purities and yields in therapeutic peptide purification
using multicolumn countercurrent solvent gradient purification. Chem. Today 2013, 31, 56–60.

