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Abstract

Peptide purification by preparative reversed-phase liquid chromatography remains one
of the most resource-intensive stages in synthetic peptide manufacturing. Production pro-
cesses commonly rely on acetonitrile/ trifluoroacetic acid (ACN/TFA) mobile phases mainly
because of their high chromatographic resolution. However, both components raise signifi-
cant environmental and safety concerns related to toxicity, flammability, waste generation,
and, in the case of TFA, environmental persistence as a per- and polyfluoroalkyl substance
(PFAS, known as a “forever chemical”). Green alternatives based on ethanol, dimethyl
carbonate, and sustainable acidic additives such as acetic acid have been proposed, but their
industrial adoption remains limited due to reduced chromatographic performance, often
resulting in lower yield and productivity under conventional batch operation. In this work,
multi-column counter-current solvent gradient purification (MCSGP) was investigated
as a strategy to integrate the use of green eluent systems without compromising process
performance. Two therapeutic peptides, Tirzepatide and Tetracosactide, were selected
as representative case studies with different structural complexity. Using ethanol/acetic
acid for Tirzepatide and dimethyl carbonate/acetic acid for Tetracosactide, the MCSGP
process achieved purity levels equivalent to those obtained with conventional ACN/TFA
batch chromatography, with 88.1% yield at 89.0% purity for Tirzepatide and 93.8% yield
at 94.0% purity for Tetracosactide. Productivity for Tirzepatide was improved, reaching
6.3 g/Lyesin/h. These results demonstrate that MCSGP can compensate for the reduced
separation efficiency typically associated with green eluent systems, enabling sustainable
peptide purification without compromising process performance. By combining green
solvents with the MCSGP process, this work paves the way for more sustainable peptide
purification processes while maintaining high yield and productivity.
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modalities [4,5]. Since 2023, over 80 peptide drugs have received global regulatory ap-
proval, with more than 200 candidates in clinical development across diverse indications,
including metabolic disorders, cancer, autoimmune diseases, and infections [1]. Peptide
therapeutics account for ~8% of FDA-approved drugs over the past decade and reached a
market value of ~USD 43 billion in 2023 [6]. GLP-1 receptor agonists, including Semaglutide
and Tirzepatide, have emerged as the dominant drug class in the pharmaceutical market [7],
with projections estimating the global anti-obesity drug market to exceed $100 billion by
2030 [8]. The unprecedented demand has exposed critical manufacturing bottlenecks,
particularly in large-scale peptide synthesis, purification, and aseptic fill-finish operations,
driving substantial investment in expanded production capacity and next-generation manu-
facturing technologies [9]. These include integrated continuous manufacturing approaches,
which are attracting increasing attention [10].

Peptide manufacturing typically comprises synthesis, consecutive purification steps,
and final isolation/formulation stages [11]. The main synthetic platforms for peptide
therapeutics are solid-phase peptide synthesis (SPPS) and liquid-phase peptide synthesis
(LPPS), valued for their reproducibility [12,13] and scalability from laboratory to industrial
production [14]. This platform, however, is intrinsically resource-intensive and associated
with high waste generation [15]. The SPPS process mass intensity (PMI, i.e., mass input
of materials per mass of product) typically ranges from 3000 to 15 000 kg per kg of active
pharmaceutical ingredient for peptides in the 1000-5000 Da range [16]. Its ecological foot-
print is further strained by a reliance on hazardous solvents (e.g., dimethylformamide,
N-methyl-2-pyrrolidone, and dichloromethane), which are now subject to increasing regu-
latory restrictions [17]. Moreover, the structural similarity between the synthesized target
peptides and the related impurities complicates downstream processing, requiring high-
resolution separations to meet stringent purity standards [18]. The final purity standards
for therapeutic peptides can range from 99.0% to 99.9% [19]. As a consequence, downstream
purification—mainly carried out via preparative liquid chromatography—represents one
of the most resource-intensive stages in peptide manufacturing [20]. Intermediate chro-
matographic steps are typically performed under less stringent purity requirements, as
subsequent purification stages further enhance product purity to meet final release specifica-
tions [20]. Chromatographic protocols typically require several hundred or even thousand
liters of eluent per kg of purified peptide. Out of this volume, 10-40% consists of organic
modifiers, generating substantial waste, increasing environmental impact [21], and limiting
process throughput [17,22].

Among the chromatographic processes adopted in the purification of peptides,
reversed-phase high-performance liquid chromatography (RP-HPLC) remains the most
widely used technique. To achieve high chromatographic resolution, mobile phases contain-
ing acetonitrile (ACN) and/ or trifluoroacetic acid (TFA) are often employed and suitable for
both analytical and preparative applications [23,24]. Although highly effective in achieving
the purity required for pharmaceutical applications, this eluent system presents significant
environmental and safety drawbacks: ACN is flammable and toxic; TFA is highly persistent
in the environment, belonging to the class of per- and polyfluoroalkyl substances (PFAS),
and poses potential toxicity risks [25]. Driven by these concerns, increasing efforts have
focused on investigating chromatographic strategies using “green” solvents, particularly
through the replacement of these conventional mobile phase components in reversed-phase
liquid chromatography [26]. In this work “green” solvent is defined as a solvent that
presents reduced hazards to human health and the environment, is preferably derived
from renewable resources, and demonstrates favorable biodegradability and a minimal
environmental footprint across its production, use, and disposal lifecycle, as assessed by
established multi-criteria frameworks such as the CHEM21 [27] solvent selection guide or
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GSK solvent sustainability tool [28]. Among the proposed alternatives, methanol, ethanol,
acetone, and other bio-based solvents have emerged as more sustainable options [29]. In
particular, despite its higher viscosity, ethanol offers the advantages of low toxicity and
reduced environmental impact. However, its chromatographic performance is generally
lower than that of ACN [30]. Nevertheless, its extensive application in RP-HPLC over the
past decades confirms its viability as a green alternative [31] alongside other emerging
bio-derived solvents such as dimethyl carbonate [32-34]. In parallel, replacing the haz-
ardous TFA is also crucial, and alternatives such as acetic acid and formic acid are typical
candidates for green counterions [30].

While green eluent systems have been extensively studied [30-36], peptide purification
is still hindered by a trade-off between sustainability and process performance. In industrial
RP-HPLC, replacing ACN/TFA with green alternatives remains challenging, as it often
leads to lower resolution and hence yield and productivity. To date, an industrially scalable
purification process capable of integrating high purity and yield with a low environmental
footprint remains elusive.

To address this gap, this study employs the multi-column counter-current solvent gra-
dient purification (MCSGP) process operated with environmentally friendly eluent systems
to overcome their lower resolving power and hence retain high yield and productivity
in the peptide purification. As a baseline for comparison, a conventional batch process
using an ACN/TFA eluent system is developed and optimized, followed by its systematic
replacement with more sustainable organic modifiers, including ethanol and dimethyl
carbonate, in combination with alternative green counterions such as acetic acid. Both batch
processes are refined through a common gradient optimization approach. Subsequently, the
MCSGP process is implemented using the green eluent systems to improve process produc-
tivity and recovery. In MCSGP, this is obtained by recycling unresolved fractions between
interconnected columns under gradient conditions, allowing simultaneous improvements
in yield and productivity within a single integrated operation and under the given purity
constraint [22,37,38]. This strategy aims to maintain purity at the same level reached with
the conventional eluent system, improving yield and productivity, enabling the green
process to match or surpass the performance of the traditional system, and supporting
integrated continuous peptide manufacturing.

To demonstrate the applicability of this approach within the expanding field of pep-
tide therapeutics, the platform was evaluated using two clinically relevant molecules,
Tirzepatide and Tetracosactide, selected as representative case studies of structurally di-
verse peptides. Tirzepatide, recently introduced for the treatment of type 2 diabetes
and obesity, exemplifies the increasing molecular complexity of next-generation peptide
drugs [39]. It is a 39-amino-acid synthetic peptide incorporating non-natural residues
and a C20 fatty diacid moiety and has dual activity on glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) receptors [40]. This structural
complexity results in significant challenges in both synthesis [41] and downstream purifica-
tion, as commonly observed for GLP-1 receptor agonists, for which preparative RP-HPLC
remains the dominant purification strategy [42]. In contrast, Tetracosactide is a synthetic
24-amino-acid analog of adrenocorticotropic hormone (ACTH), a peptide hormone that
regulates cortisol production in the adrenal cortex and is widely used for clinical assess-
ment of adrenal function [43]. Compared to Tirzepatide, it is structurally simpler, without
non-natural modifications or lipid conjugation. Nevertheless, its manufacturing still relies
on conventional synthesis and purification workflows, including RP-HPLC with ACN
and TFA [44]. These two molecules illustrate the broad spectrum of peptide therapeutics,
from highly engineered modern constructs to well-established sequences, sharing common
challenges related to impurity profiles, standard chromatographic eluents, and system
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scale-up capability. This study presents a direct comparison of MCSGP operating with
green eluent systems against conventional ACN/TFA-based preparative chromatography
for structurally diverse therapeutic peptides.

2. Materials and Methods
2.1. Materials

Crude Tirzepatide (Yuli Biotechnology Co., Ltd., Shanghai, China) with a purity of
67.5% and crude Tetracosactide (Bachem AG, Bubendorf, Switzerland) with a purity of
55.1% were used as received (lyophilized TFA-salt crude). Deionized water (analytical
grade, VWR, 23595.328), acetonitrile (ACN, Merck Supelco, Darmstadt, Germany, 1.00030),
ethanol (EtOH, Merck Supelco, 1.00983), and dimethyl carbonate (DMC, Thermo Scientific,
Waltham, MA, USA A13104) were used as solvents. Trifluoroacetic acid (TFA, VWR,
Radnor, DE, USA, 85903), acetic acid (AcOH, Merck Supelco, Darmstadt, Germany, 1.00063),
ammonium acetate (Merck Supelco, Darmstadt, Germany, 5.43834), and ammonia solution
(Merck Supelco, Darmstadt, Germany, 5.43830) were used for solvent preparation and
pH adjustment. All solutions were filtered using 0.22 ym PVDF membrane filters (Merck,
Darmstadt, Germany, Millex-GV, SLGVX13NL) or cellulose acetate Whatman Puradisc
30 filters (WHA10462200), as specified.

2.2. Feed Preparation
2.2.1. Tirzepatide

Lyophilized crude peptide of Tirzepatide was dissolved in a 20 mM ammonium
acetate solution, containing 1% of ACN or EtOH, depending on the eluent system under
investigation, and adjusted to pH 9.0 with ammonia (hereafter referred to as the Feed
Solvent). A standard solution at 5 g/L was obtained by stirring for at least 15 min, followed
by filtration through a 0.22 uym Whatman Puradisc syringe filter.

2.2.2. Tetracosactide

Lyophilized crude peptide of Tetracosactide for the ACN/TFA batch was dissolved
in 0.1% TFA solution and decarboxylated at 45 °C for 40 min. Acetonitrile was added to
the decarboxylated feed to a final concentration of 1%. The final crude concentration was
10 g/L. The feed solution was filtered using a Whatman Puradisc 30 disk filter.

Lyophilized crude peptide for the DMC/AcOH runs was dissolved in 1 M acetic acid
solution and decarboxylated at 45 °C for 40 min. DMC was added to the decarboxylated
feed to a final concentration of 0.1%. The final crude concentration was 10 g/L. The feed
solution was filtered using a 0.22 pm Merck disk filter.

2.3. Analytics

Samples were analyzed by analytical HPLC using YMC-Triart Bio C18 columns
(150 x 2.1 mm, 1.9 um particle size, 30 nm pore size; YMC, Kyoto, Japan) connected to
Agilent 1290 Infinity II liquid chromatography systems (Agilent, Santa Clara, CA, USA).

2.3.1. Tirzepatide

Mobile phase A was formulated with analytical-grade water containing 20 mM am-
monium acetate at 95% v/v (pH 6.6) and 5% v/v acetonitrile. Mobile phase B consisted of
95% v /v acetonitrile and 5% v/v 20 mM ammonium acetate solution (pH 6.6). The linear
gradient was applied from 34.4 to 43.3% B over 24 min, followed by a step at 100% B from
24 to 30 min. The system was then re-equilibrated at 34.4% B for 6 min. The flow rate was
set to 0.2 mL/min, the column temperature to 60 °C, and UV detection was performed at
220 nm. All signals were post-processed with blank subtraction. Quantification was per-
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formed using a calibration curve obtained from 5 injections of 5 g /L Tirzepatide standard
solution at different injection volumes (0.5, 1, 2, 3, and 4 uL). Purity was obtained from
area percentage.

2.3.2. Tetracosactide

Mobile phase A consisted of analytical-grade water with 0.1% TFA (pH 1.8). Mobile
phase B consisted of 60% acetonitrile in analytical-grade water, with 0.1% TFA (pH 1.8).
Depending on the sample, 0.5 uL or 2 pL of the sample was injected and separated using
a linear gradient from 5% B to 100% B within 10 min, using a flow rate of 0.4 mL/min.
Column cleaning and re-equilibration were carried out for 4 min each at 100% B and 5%
B, respectively. The column thermostat was set to 50 °C, and the UV signal was recorded
at 214 nm. All signals were post-processed by a blank subtraction. The concentrations of
weak and strong impurities, as well as the product, were calculated using a linear standard
curve, which was generated by injection of 5 different volumes of a 2.5 g/L crude standard
solution, ranging from 0.1 to 3 uL. Purity was obtained from area percentage.

2.4. Preparative Chromatography

Preparative chromatography experiments were carried out using Contichrom CUBE
30 systems (YMC ChromaCon AG, Zurich, Switzerland) equipped with YMC-Triart C18-S
HPLC columns (150 x 4.6 mm ID, 10 pm particle size, 12 nm pore size; YMC Co., Ltd.,
Kyoto, Japan).

For Tirzepatide experiments, the UV signal was recorded at the outlet of each column
at 285 nm (Azura UVD 2.1S detectors, 0.5 mm path length, Knauer, Berlin, Germany). A
P2 Inline Adjustment Valve (YMC ChromaCon AG, Zurich, Switzerland) was integrated
into the system during MCSGP operation, providing inline dilution of the product collec-
tion and recycling streams as well as purging capability for the recycling line after each
MCSGP switch.

For Tetracosactide experiments, the UV signal was recorded at the outlet of each
column at 280 nm (TOY18DAD 600 H detectors, 0.5 mm path length, ECOM, Prague,
Czech Republic). Chromatographic processes were controlled using ChromIQ software
(v9.0, YMC ChromaCon AG), including dynamic process control through the AutoPeak®
technology (YMC ChromaCon AG, Zurich, Switzerland) [45].

For both molecules and all eluent systems, a systematic batch process development
was performed. The results of this development are the individual batch processes de-
scribed in the following sections. Briefly, method development was carried out using
fixed chromatographic parameters, including YMC-Triart C18-5S HPLC columns, an elution
velocity of 300 cm/h, a gradient volume of 10 column volumes (CV), and a total loading of
10 g/Lyesin- The preparative chromatography was carried out at room temperature. Then,
optimal gradient operation conditions were established. Starting from a gradient ranging
from 10 to 90% B, the gradient starting percentage of B was increased gradually and, if pos-
sible, the final percentage of B in the gradient was decreased. The final starting value was
evaluated using an isocratic wash step at the initial gradient conditions to confirm that it
still provided strong retention of the main product. For Tirzepatide the purity specification
was set to 89.0%, and for Tetracosactide it was set to 92.0%. These specifications represent
intermediate purity targets.
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2.4.1. Tirzepatide: ACN/TFA Reference Batch

The ACN/TFA reference batch process employed solvent A (0.1% TFA, 1% ACN, pH
1.8), Solvent B (0.1% TFA, 60% ACN, pH 1.8), a Stripping Solvent (0.1% TFA, 90% ACN),
and the previously described Feed Solvent reported in Section 2.2.1. The column was
initially equilibrated with 100% Solvent A for 3 CV at 300 cm/h. The loading protocol
consisted of a pre-equilibration step with 1 CV of the Feed Solvent at 600 cm/h, followed
by a loading of 2 CV of feed solution at 300 cm/h, corresponding to a total column loading
0of 10 g/Lyesin. This was followed by a post-loading wash with 1 CV of the Feed Solvent and
2 CV of Solvent A, both at 600 cm/h. Elution was performed using a 10 CV linear gradient
from 55% to 90% Solvent B, followed by a stripping step of 1.5 CV at 100% B and 600 cm/h.
Finally, the column was re-equilibrated with 100% Solvent A for 2 CV at 600 cm/h. The
eluate was fractionated in 0.25 CV intervals for analysis. The detailed method is reported
in Table S1 in the Supporting Information Section.

2.4.2. Tirzepatide: EtOH/AcOH Batch and MCSGP

The ethanol-based batch process employed Solvent A (20 mM acetic acid, 1% EtOH),
Solvent B (20 mM acetic acid, 90% EtOH), and the previously described Feed Solvent.
The column was equilibrated with 100% Solvent A for 3 CV at 300 cm/h, followed by
the same loading protocol described for the ACN/TFA reference case, using the solvents
defined here. Elution was then carried out over 10 CV using a linear gradient from 55%
to 85% Solvent B. Finally, the column was re-equilibrated with 100% Solvent A for 2 CV
at 600 cm/h. The eluate was fractionated in 0.25 CV intervals for analysis. The detailed
method is reported in Table S2 in the Supporting Information Section.

The corresponding EtOH/AcOH MCSGP process was then developed. Batch chro-
matograms, together with the analytical characterization of the collected fractions, were
imported into the MCSGP Wizard software (Version 9.0.4.11) to define the operating process
parameters. Both front-side (weak) and back-side (strong) recycling were implemented
to maximize product recovery while maintaining target purity above 89.0%. AutoPeak
process control based on UV monitoring was applied as follows. The first UV threshold
(15 mAU) was used to trigger the onset of the weak-side recycling phase, corresponding to
the recycling of product contaminated with weakly adsorbing impurities. The second UV
threshold (200 mAU) was used to initiate product collection. This phase lasted until the
UV absorbance decreased to 75% of the maximum intensity of the elution peak. Together
with an additional 20 s delay, it was used to initiate the strong recycling phase, during
which product co-eluting with strong impurities was recycled. Since the loading step
required a longer operating time, the column completing the elution phase was temporarily
excluded from the primary flow path by valve-switching and subsequently connected in
series to the downstream column to enable recycling of strongly adsorbing impurities. To
prevent precipitation or gelation during the product collection and recycling phases, a
4-fold inline dilution using the Feed Solvent was applied by the P2 Inline Adjustment Valve.
To ensure efficient re-adsorption of the recycled material onto the downstream column,
the acid wash step included in the loading procedure was postponed until completion of
the strong-side recycling phase. The complete optimized operating strategy is visualized
in Figure S1, where the chromatographic sequence is integrated into a continuous cyclic
process represented in terms of column volumes and volumetric linear velocities, and the
detailed MCSGP operating parameters are reported in Table 1.
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Table 1. MCSGP method for continuous Tirzepatide purification using EtOH/AcOH. The start of
weak recycling, of product collection, and of strong recycling are controlled by UV triggers. Therefore,
volumes of phases marked with an asterisk slightly change from cycle to cycle according to the
chromatogram recorded inline. The values displayed are those recorded in the 5th MCSGP cycle, as
being most representative of the steady-state process.

Process Step Volume Velocity Comment
[-] [CV] [cm/h] [-]
Elution—Weak Out 3.6 300
Elution—Weak Impurity Control 0.9* 300
Elution—Weak Recycling 0.2* 114 4-fold inline dilution for recycling
Elution—Product Collection 1.6* 300 4-fold outlet inline dilution
Elution—Strong Recycling 1.7 97 4-fold inline dilution for recycling
Flush Mixer 22 3610 To drain
Strip 3 600
Re-equilibration 3 600 Parallel to Waste Out
Line Purge Pump 2 6 3610 Parallel to Waste Out, to drain
Pre-Load Wash 1.5 600
Re-Feeding 14 300 Parallel to Product Collection
Post Load Wash 3 600
Recycle Line Purge 0.3 290 After Strong Recycling
Acidic Wash 4 600

2.4.3. Tetracosactide: ACN/TFA Reference Batch

The column was equilibrated using 1% ACN, 0.1% TFA for 3 CV with a velocity of
600 cm/h. A total of 1 CV of feed was loaded onto the column at 300 cm /h, resulting in
a final loading density of 10 g/Lyesin. Subsequently, the loading process was finished by
pushing the remaining feed in the fluid path on the column using equilibration solvent
at 300 cm/h. Elution was carried out by a linear gradient from 30 to 85% B over 10 CV
with a velocity of 300 cm/h. For solvent B 35% ACN, 0.1% TFA was used. The eluate
was fractionated in 0.3 CV fractions for analysis. Stripping (60% ACN, 0.1% TFA) and
re-equilibration were performed for 3 CV each at 600 cm/h. A method table is provided in
the Supplementary Information (Table S3).

2.4.4. Tetracosactide: DMC/AcOH Batch and MCSGP

The batch process started with 3 CV equilibration at 600 cm/h using equilibration
solvent (0.1% DMC, 20 mM AcOH, pH 3.2). A total of 1 CV of feed was loaded onto the
column at 300 cm/h, resulting in a final loading density of 10 g/L;egin. Subsequently, the
loading process was finished by pushing the remaining feed in the fluid path on the column
using wash solvent (1 M acetic acid, 0.1% DMC, pH 2.4) at 300 cm/h. TFA counterions
of the peptides were exchanged to acetate ions by 8 additional CVs of wash solvent at
600 cm/h. Subsequently, the washing process was finished by pushing the remaining
wash solvent in the fluid path on the column using equilibration solvent at 600 cm/h. Ion
exchange from TFA ions to acetate is needed to ensure a consistent ion form of the peptide,
equal to the ion of the eluent system [46]. Elution was carried out by a linear gradient from
10 to 90% B (5% DMC, 20 mM AcOH, pH 3.2) over 10 CV at 300 cm/h. The eluate was
fractionated in 0.3 CV fractions for analysis. Stripping (30% ethanol, 20 mM AcOH) and
re-equilibration were performed for 3 CV each at 500 cm/h. A method table for the batch
process is provided in the Supplementary Information (Table S4).
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The MCSGP process was designed based on the batch process described above. The
the batch chromatogram and the analytical results of the fractions collected were loaded
into the MCSGP Wizard software. An MCSGP process without strong recycling was
designed in order to maximize the yield within the given purity specification of >92.0%.
AutoPeak process control was implemented for controlling the start of the weak recycling
phase by a UV threshold. To ensure complete re-adsorption of the recycled material on the
downstream column a 4.5-fold inline dilution with equilibration solvent was carried out.
The start and the end of the product collection phase were based on time relative to the
start of the respective previous phase. The MCSGP Wizard automatically created startup,
main cyclical, and shutdown methods, including all process control commands and inline
dilution flowrates. Method details are displayed in Table 2. The scheduling of the different
process phases was optimized to minimize column idle time after loading (Figure S2).
Therefore, the elution flow rate during the product collection phase was reduced compared
to the batch process. The flow rate was also reduced for the upstream column during the
weak recycling, to keep the combined flowrate of recycling and inline dilution within the
maximum pressure and flow rate limits of the column and system. The detailed scheduling
is displayed in the Supplementary Information (Figure S2). All used solvents correspond
to the solvents mentioned in the batch procedure.

Table 2. MCSGP run parameters for Tetracosactide purification. The start of weak recycling (marked
with asterisk) is controlled by a UV trigger. Therefore, the volume may change slightly under the
action of the dynamic controller. In the table, the value displayed refers to the one recorded in the 5th
MCSGP cycle, as being most representative of the steady-state process.

Process Step Volume Velocity Comment
[-] [CV] [cm/h] [-]
Elution—Weak Out 3.7 300
Elution—Weak Impurity Control 0.8* 300 4.5-fold inline dilution for recycling
Elution—Weak Recycling 0.6 134
Elution—Product Collection 52 200
Flush Mixer 2.2 3610 To drain
Strip 3 500
Re-Equilibration 3 500 Parallel to Weak Out
Re-Feeding 0.9 300 Parallel to Product Collection

Solvent Push Feeding 2 300
Counterion Exchange 8 600
Solvent Push Counterion Exchange 2 600

3. Results
3.1. Batch and Continuous Purification of Tirzepatide

The batch chromatographic methods based on the conventional ACN/TFA and the
green EtOH/AcOH eluent systems were systematically optimized to achieve a sufficiently
broad collection window while preserving process robustness. For the standard ACN/TFA
system, the optimized operating conditions, described in the previous section and re-
ported in Table S1, resulted in a chromatographic profile (Figure 1A) in which the highest
Tirzepatide purity was observed along the tail of the main peak. The process performance
parameters—yield, purity, productivity, and eluent consumption—are reported in Table 3.
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Table 3. Process comparison of batch and MCSGP for the purification of Tirzepatide and Tetra-
cosactide using conventional (ACN/TFA) and alternative green eluent systems (EtOH/AcOH,
DMC/AcOH). For batch processes the maximum possible yield for the corresponding purity spec-
ification is reported. For MCSGP processes, the reported performance metrics correspond to the
average values obtained from cycles under cyclic steady-state conditions (cycles 4 and 5).

Process/Eluent System Purity Yield Productivity Solvent Consumption
[-] [%] [%] [8/Lesin/h] [L/g]
Tirzepatide Specification: >89.0
Batch ACN/TFA 89.9 81.9 5.3 4.3
Batch EtOH/AcOH 90.7 432 2.9 7.8
MCSGP EtOH/AcOH 89.0 88.1 6.3 3.4
Tetracosactide Specification: >92.0
Batch ACN/TFA 93.3 82.8 4.8 5.0
Batch DMC/AcOH 92.3 35.3 1.6 17.7
MCSGP DMC/AcOH 94.0 93.8 2.9 7.9
A Batch ACN-TFA B Batch EtOH-AcOH
100 100
¥ - ’ . 80 0 80
sm ¥ ° o 8
ak g ’ 2kt O
.5 8 B ° 60 § .5 E 60 o\'—o‘
o = o =
©=®& U ©
& . 20 & 20
1{ " 2 ® .
0 L I R 0
55 6.0 65 7.0 75 8.0 40 45 50 55 60 6.5
Gradient Volume [CV] Gradient Volume [CV]
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Figure 1. Optimized batch purification of Tirzepatide using conventional and green eluent systems.
(A) Chromatographic profile obtained with the ACN/TFA mobile phase under optimized operating
conditions. (B) Chromatographic profile obtained using the green EtOH/AcOH eluent system.
The red-highlighted regions indicate the maximum collection windows complying with the purity
specification of 89%.

As shown in Figure 1A, the maximum collection window (highlighted in red) com-
plying with the purity constraint of 89.0% resulted in the recovery of 81.9% of the loaded
Tirzepatide, while maintaining stable process performance. Under these conditions, the
productivity reached 5.3 g/ Lyegin /h.

In contrast, the EtOH/AcOH eluent system exhibited a more challenging separation
behavior. Tirzepatide eluted in the front of the chromatographic peak (Figure 1B), where
maximum purity was also detected, followed by progressive coelution with closely related
impurities. Due to a double-peak shape with only the first peak displaying high purity,
the maximum collection window conforming to the purity specification of 89.0% was
significantly narrower (Figure 1B). Consequently, the process yield decreased to 43.2%,
with a corresponding reduction in productivity to 2.9 g/Lyegin/h.
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The differences between the two eluent systems are further highlighted by the Pareto
front reported in Figure 2A. As often observed, the green eluent system fails to achieve
the same chromatographic resolution as the ACN/TFA, which is translated into lower
maximum purity as well as a lower yield at equivalent purity. This systematic downward
shift in the EtOH/AcOH Pareto curve indicates the reduced separation performance. As a
consequence, the standard batch process occupies a region characterized by both higher
productivity and higher yield compared to the EtOH/AcOH system (Figure 2B).

A B
100 79
—B- Batch EtOH/ACOH € MCSGP EtOH/AcOH @ MCSGP EtOH/AcOH
—@— Batch ACN/TFA Target Purity 61 B Batch EtOH/AcOH ’
| ® Batch ACN/TFA
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°
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Figure 2. (A) Pareto analysis comparing performance of ACN/TFA and EtOH/AcOH eluent systems
in terms of yield and purity across the operating conditions investigated. (B) Productivity—yield com-
parison between batch and continuous MCSGP operation for ACN/TFA and EtOH/AcOH systems.

To compensate for the limited separation performance observed with the correspond-
ing batch process, the MCSGP process was subsequently developed and optimized for the
green eluent system composed of acetic acid and ethanol. The chromatographic profiles
recorded over five consecutive cycles, shown for Switch 1 and Switch 2 in Figure 3A,B,
display convergence and hence cyclic steady state after the three initial cycles. The near-
complete overlap of elution profiles and the absence of significant drift in the performance
parameters obtained from offline analytics, reported in Table S5, indicate that steady-state
operation is achieved and maintained, confirming the robustness of the MCSGP setpoint.
Process robustness is ensured by the UV-based control strategy (AutoPeak) dynamically
switching between product collection and recycling. This maintains reproducible cyclic
steady-state operation despite variations in the elution profiles. The well-defined and
reproducible separation of weakly adsorbing impurities, product fraction, and strongly
adsorbing species further demonstrates the stability of both the gradient design and the
switching logic. Under these optimized conditions, the EtOH/AcOH-based MCSGP pro-
cess achieved a yield of 88.1% while meeting the purity specification of 89.0%. These
values are comparable to those obtained with the conventional ACN/TFA batch process
(Figure 2A). Notably, this performance was obtained alongside a marked improvement
in process efficiency, with productivity reaching 6.3 g/Lyesin/h. As shown in Figure 2B,
the continuous MCSGP operation shifts the EtOH/AcOH process toward a significantly
more favorable productivity—yield region compared to batch conditions. The improved
performance of the MCSGP process compared to batch chromatography can be attributed
to its multi-column counter-current operation and recycling of partially resolved fractions,
which enables recovery of product that would otherwise be discarded within the batch
collection window. This alleviates the yield—purity trade-off. In addition, solvent consump-
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tion was reduced from 4.3 L/g for the conventional ACN/TFA batch process to 3.4 L/g for
the EtOH/AcOH-based MCSGP process, further intensifying the sustainability of the pu-
rification. These results demonstrate that for Tirzepatide the continuous MCSGP approach
maintains product quality comparable to the ACN/TFA batch process while significantly
enhancing process productivity and recovery under greener operating conditions.
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<
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Figure 3. Overlaid UV chromatographic profiles recorded over five consecutive MCSGP switching
cycles, shown for Switch 1 (A) and Switch 2 (B), respectively.

3.2. Batch and Continuous Purification of Tetracosactide

For the purification of Tetracosactide, ACN/TFA also served as the eluent system rep-
resenting the current state of the art. DMC/AcOH was instead used as a green alternative.
Both batch gradients were optimized using the approach described above. The resulting
batch elutions for ACN/TFA and DMC/AcOH are displayed in Figure 4. Both processes
were able to generate fractions with purity within the >92.0% specification. For maximum
yield, fractions with purity below the specification were included in the product pool as
long as the calculated purity of the pool remained within the specification. ACN/TFA
batch purification resulted in a sharp product peak with fractions exceeding 95.0% purity.
Including a fraction with lower purity before the peak maximum, the pool purity was
93.2%. The product pool starts before the main peak and includes the decreasing flank.
Overall, the maximum yield within the purity specification was 82.8%.

DMC/AcOH batch purification was able to generate a pool consisting of two fractions,
resulting in a pool purity of 92.3% at 35.3% yield. In contrast to the ACN/TFA system,
the DMC/AcOH system only allowed for a very narrow product collection window, as
a result of the lower chromatographic resolution. After the main product peak with the
highest purity, a long tail with high purity but low product concentration was eluted
(Figure 4B). The green eluent system delivered a 2.3-fold lower yield compared to the
conventional ACN/TFA batch, proving its inferior separation performance (Figure 5A).
As the green DMC/AcOH system used acetic acid as an additive and the Tetracosactide
crude comes as a TFA salt, an ion exchange step was necessary to prevent the co-presence
of different peptide-counterion species. This additional step is responsible for additional
solvent consumption and longer processing times. The prolonged time in combination with
a lower product yield leads to a three-fold lower productivity of 1.6 g/Lyesin/h compared
to the 4.8 g/Lyesin /h productivity of the ACN/TFA batch. The overall solvent consumption
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increased from 5.0 L/g for the ACN/TFA batch to 17 L/g for the green DMC/AcOH batch.
The differences between the two eluent systems are further highlighted by the process
performance comparisons in Figure 5. In Panel A, the yield and the purity of the single
batch fractions are shown as a Pareto curve, visualizing the poorer process separation
efficiency of the green eluent system.

A Batch ACN-TFA B Batch DMC-AcOH
1 r100
4.0 ee s 0g 4.0 . .
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Figure 4. The elution phase of the conventional ACN/TFA batch Panel (A) and the elution phase of
the batch using the green DMC/AcOH eluent system Panel (B). The normalized UV signal is shown
as a black line. The purity of the collected fractions is shown as blue circles and the respective product
concentration as red squares. According to the purity specification of >92.0%, the theoretical pool of
the fractions was calculated and is displayed as red area under the curve.
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1007 _m Batch DMC/ACOH € MCSGP DMC/AcOH 57 € MCSGP DMC/AcOH PS
9g{ —@ Batch ACN/TFA Target Purity B Batch DMC/AcOH
® Batch ACN/TFA
96 1 4
941 4 ol
92 2 3 4
901 5
3
88 e 2
86 & -
84 11
82
0 20 40 60 80 100 0 20 40 60 80 100
Yield [%] Yield [%]

Figure 5. Process results comparing conventional and green batch as well as green MCSGP. Panel
(A) shows the Pareto curves of the batch processes using ACN/TFA and using DMC/AcOH, respec-
tively. The steady-state performance of the DMC/AcOH MCSGP outperforms both batch processes
in terms of yield at the purity specification. Panel (B) shows the comparison of yield and productivity
considering the purity specification of >92.0%. For the batches, the pool with the highest possible
yield and productivity was selected, and for the MCSGP data cycles in steady state were used.

Based on the DMC/AcOH batch process, an MCSGP process was developed to assess
its potential to overcome the performance gap between conventional and green eluent
systems. The continuous purification was performed over five consecutive cycles. An
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overlay of the elution phases of the cycles is provided in the Supplementary Information
(Figure S3). After three cycles, the process entered a stable steady state; consequently,
cycles 4 and 5 were used for performance calculations. The MCSGP process resulted in
a product pool purity of 94.0% and a yield of 93.8% (Table 3). As shown in Figure 5A,
the achieved purity and yield of the MCSGP clearly surpassed those of the green batch.
The MCSGP process even shows better purity and yield compared to the batch with
ACN/TFA. This shows that the MCSGP not only improved the yield but also led to a
purity boost, reaching a higher purity than the maximum purity of the green batch. In
Figure 5B, yield and productivity of the three processes are compared under the purity
constraint of >92.0%. The performance of the green DMC/AcOH batch is notably worse
than the conventional ACN/TFA batch in terms of productivity and yield. Using the
green DMC/AcOH MCSGP, the yield was recovered, even surpassing the ACN/TFA batch.
Productivity was also increased by almost two-fold compared to the DMC/AcOH batch.
However, in comparison with the ACN/TFA batch, the productivity is still significantly
lower and the solvent consumption is higher. This can be explained by the increase in
time and solvent needed to complete the counterion exchange from TFA to acetate, a
step which is in any case required for the final product, which is administered in its
acetate form [47,48]. An equivalent counterion exchange step would ultimately be required
following the ACN/TFA process, whereas it is already integrated within the DMC/AcOH
MCSGP workflow.

4. Discussion

The results obtained in this study confirmed the strong separation performance of
the traditional ACN/TFA eluent system and the intrinsic trade-off between sustainability
and chromatographic performance in preparative peptide purification. In fact, while the
conventional ACN/TFA system provided advantageous separation efficiency under batch
conditions, the green eluent systems based on EtOH/AcOH and DMC/AcOH showed
significantly reduced chromatographic resolution, leading to narrower collection windows
respecting the purity specification and hence lower recoveries and reduced productivity.
Table 3 summarizes these results and underlines the substantial performance gap between
conventional and green eluent systems under batch operation. Replacing ACN/TFA with
greener eluents resulted in a pronounced reduction in recovery, with yield decreasing by
nearly 50% for Tirzepatide and by more than 50% for Tetracosactide. Hence, productivity is
also significantly reduced by a factor of 2 for Tirzepatide and a factor of 3 for Tetracosactide.
At the same time, eluent consumption is significantly increased, approximately doubled
for Tirzepatide and increased more than three-fold for Tetracosactide, further emphasizing
the operational penalties associated with green eluent systems under conventional batch
conditions. The eluent consumption is directly associated with the overall waste amount of
the peptide purification process, as the strong dilution of organic solvents prevents solvent
recycling [22]. Although lower loading densities would enhance yield, this approach would
be accompanied by reduced productivity and greater solvent consumption. Hence, batch
processing does not allow for high-yielding, productive purification using green eluent
systems for the investigated peptides and conditions.

Despite these limitations, the results also showed that the green eluent performance
gap is not associated with insufficient product purity, as the required purity specifications
were consistently met in all cases, but rather by the inability of the batch process to utilize
the partially resolved fractions. Therefore, through the recycling of product-containing
side fractions, MCSGP allows the recovery of material that would otherwise be discarded
or require re-chromatography in batch operation. Thus, MCSGP improves yield while
satisfying the required purity constraints and high loading density, which is translated into
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high productivity. Moreover, for Tirzepatide the green MCSGP was able to reduce eluent
consumption compared to the conventional batch, whereas for Tetracosactide the eluent
consumption was higher for this scenario. As described above, this is associated with the
ion exchange step.

5. Conclusions

MCSGP enables the use of green eluent systems for high-yielding, productive purifica-
tion processes, allowing us to decouple process performance from sustainability and safety
considerations. These findings are particularly valuable in the context of the rapidly grow-
ing demand for therapeutic peptides [7], as well as increasing regulatory and environmental
pressure to minimize the use of hazardous chemicals in pharmaceutical manufacturing,
especially PFAS [29]. Moreover, the scalability and operational robustness of MCSGP with
AutoPeak [49] further support its implementation at manufacturing scale, as previously
demonstrated for complex biopharmaceutical products such as oligonucleotides [50]. In
this context, the use of green eluents mainly requires consideration of solvent viscosity
and the associated pressure drop. Beyond its high degree of automation and significant
reduction in required in-process controls, as shown in this study, MCSGP with AutoPeak
allows us to establish the environmental and safety benefits. The scale-up of green MCSGP
can enable the replacement of toxic and persistent chemicals at industrial scale and would
be a subsequent step towards more environmentally friendly peptide production.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/separations13070195/s1, Table S1: Method table for ACN-TFA
batch purification of Tirzepatide, Table S2: Method table for EtOH-AcOH batch purification of
Tirzepatide, Table S3: Method table for ACN-TFA batch purification of Tetracosactide, Table S4:
Method table for DMC-AcOH batch purification of Tetracosactide, Table S5: Evolution of chromato-
graphic performance parameters over the consecutive MCSGP cycles for Tirzepatide and Tetracos-
actide. For both molecules steady state was reached after cycle three, Figure S1: Gantt chart of
MCSGP process for the Tirzepatide purification, Figure S2: Gantt chart of MCSGP process for the
Tetracosactide purification, Figure S3: Display of the elution phase of the MCSGP process for the
continuous purification of Tetracosactide.
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