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Abstract: Since its foundation in 1971, Bachem has grown sustainably over the last 50 years and is excellently po-
sitioned as the leading company for the development and production of TIDES i.e. peptides and oligonucleotides.
Bachem'’s success relies on its commitment to manufacturing high-quality active pharmaceutical ingredients
(APIs) alongside its continual passion for innovative chemistry and technologies. This review aims at summariz-
ing improvements in high-quality peptide manufacturing as well as recent advances towards sustainable and
innovative technology in peptide chemistry, thereby reducing the environmental footprint.
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1. Introduction

The therapeutic asset of peptide-based APIs has significantly
grown over the preceding decades and today about 80 peptide
drugs are already marketed ensuring a bright future for peptide
therapeutics.[!l However unfavorable pharmacokinetics and lim-
ited bioavailability are major challenges in peptide drug devel-
opment. These are continuously addressed by diverse research
efforts including novel formulation and delivery techniques as
well as designing stable analogs of peptide drugs.[2-31 Whilst be-
ing well established, the synthesis and purification technologies
are an area for which innovation and development of sustainable
and robust processes in the production of peptide APIs is sought
after.l*l For the last five decades, Bachem has been a highly reli-
able provider of high-quality peptide APIs manufactured under
cGMP (current good manufacturing practices) standards and
therefore a trusted partner for numerous biopharmaceutical com-
panies in their peptide drug development programs.5! Our com-
mitment and capabilities to provide access to high-quality peptide
APIs on a large-scale have been well demonstrated. As a case
study, the production of Octreotide on kilograms batch scale with
more than 99.9% purity is briefly discussed here.

At Bachem we are continuously striving to improve our
state-of-the-art synthetic and purification platform as well as to
invest resources into scouting new technologies and effectively
implementing them to minimize environmental impact of large-
scale API production. In this context, Bachem has systematically
developed a strategy to identify and evaluate environmentally
friendly solvent alternatives for solid-phase peptide synthesis
(SPPS). How this objective is achieved without changing overall
the holistic approach of the current state-of-the-art SPPS is further
discussed here. In addition, a completely new platform for pep-
tide synthesis, the Molecular Hiving™ technology, that has been
developed by Jitsubo and was recently established at Bachem, is
also highlighted. Molecular Hiving™ is a combination of best-of-
both-worlds i.e. SPPS and liquid-phase peptide synthesis (LPPS).
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To further highlight Bachem’s innovative strength in the solvent-
consuming downstream processes, MCSGP (multi-column coun-
tercurrent solvent-gradient purification) as future technology for
peptide purification is briefly introduced. The MCSGP technol-
ogy allows substantial reduction in process mass intensity (PMI),
which is inherently associated with traditional HPLC purification
of peptides. Taken together, this review highlights the efforts and
results which have been driven by our passion for innovation at
Bachem to make the entire production process more sustainable
and eco-friendly while keeping our utmost commitment to pro-
ducing high-quality peptide APIs.

2. Large-scale Production of Peptide APIs: A Case
Study of Octreotide

Production of peptides on large scale requires robust and ef-
ficient synthetic technologies, a skilled workforce, and strict
process control.[671 Bachem’s capacity to synthesize peptides on
such a large-scale as well as its efficient downstream processing
to achieve production of the final product on a multiple kilogram
scale has been demonstrated. Octreotide is a widely known analog
of naturally occurring somatostatin used as drug against diverse
indications including acute hemorrhage.!8! This cyclic octapeptide
D-Phe-cyclo[Cys-Phe-D-Trp-Lys-Thr-Cys]-Thr(ol) is one of the
generic APIs in Bachem’s portfolio. The manufacturing process
for highly pure (>99.9%) Octreotide acetate was systematically
and successfully established on an 18 kilogram batch size. The
five important stages achieving this target are depicted in Fig. 1,
which includes large-scale Fmoc-SPPS, acidic cleavage of syn-
thesized peptide from solid support and its precipitation and iso-
lation in the crude form, downstream purification via HPLC, ion
exchange (from trifluoroacetate to acetate salt) of purified peptide
and finally isolation of high-quality peptide via freeze drying. The
large scale SPPS (24 mol scale with 30-50 kg of starting resin)
was achieved by employing a 1000 L SPPS-reactor and was op-
timized to obtain linear Octreotide with crude purity of approx.
86%. After cyclization of crude, linear Octreotide, the use of a
59 cm column for preparative RP-HPLC enabled purification of
up to 3 kg crude cyclic peptide in a single run. After purifica-
tion, Octreotide is isolated as trifluoroacetate salt in 65% yield
(for oxidation and purification) with >99.9% purity. In the final
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process step, Octreotide is converted into the acetate salt (99%
yield) and isolated by lyophilization. The large-scale manufacture
of highly pure (>99.9%) Octreotide required a well developed,
strictly controlled protocol minimizing the impurities originating
from different sources such as starting materials, SPPS-related
processes, and instability of the peptide. Additionally, the overall
yield of approx. 60% for the large-scale manufacturing process
of Octreotide proves remarkable progress. We envisage that using
innovative purification methods such as multi-column counter-
current solvent-gradient purification (MCSGP) might be an in-
novative approach for further increase of purification yields and
overall process efficiency.

The use of closed trays for the final freeze-drying process in
peptide API manufacture is a breakthrough Bachem innovation.l!
This technology provides two additional advantages, the closed-
system avoids last-stage contamination during freeze-drying and
improves occupational safety with the additional barrier protec-
tion. Bachem is committed to protecting the environment from the
chemical footprint and the safety of the community, therefore we
recalibrate our resources and technologies constantly on a scale
that should help to minimize the impact of upstream and down-
stream processes on the environment. Our efforts of greening
peptide chemistry are globally recognized. The US Environment
Protection Agency (US EPA) has jointly honored Bachem and
Amgen Inc. with the 2017 Green Chemistry Challenge Award for
developing an innovative green process for the commercial man-
ufacture of Etelcalcetide (API in Parsabiv™).[10] The improved
technology has reduced 71% of solvent consumption, 56% of
operating time, and 76% of manufacturing cost while increas-
ing manufacturing capacity by five-fold. Further insights into the
greener approach taken at Bachem are discussed below.

3. ‘Green’ Alternative Solvents in Fmoc-SPPS
N,N'-Dimethylformamide (DMF) is a commonly used sol-
vent in SPPS both in academia and industries.[''] DMF is the
gold standard solvent mainly because of its physical properties
such as polarity and viscosity which universally suit it to the
essential parameters of SPPS such as optimal resin swelling,
reagent solubility, efficient coupling and Fmoc-removal reac-
tions. However, DMF is categorized as a substance of very high
concern (SVHC) by the European Chemical Agency (ECHA)
due to its environmental and health hazards.l'?l Therefore there

is an urgent need to identify an environmentally friendly alter-
native to DMF in SPPS. A lot of efforts have been provided
by academia as well as industry to find a greener alternative to
DME.[131Recently, Bachem has led with focused resources a study
in collaboration with Novo Nordisk to identify green and viable
solvent alternatives as a replacement for DMF in state-of-the-
art SPPS technology.[!4-161 The investigations afforded important
insights into harnessing polarity and viscosity of solvents for
identification of viable alternatives to DMF. Selected solvents
were screened against a series of parameters essential for ef-
fective SPPS such as swelling of PS resin (starting and peptidyl
resins), solubility of amino acid derivatives, reaction kinetics of
coupling and Fmoc-removal steps, inertness of solvents (stabil-
ity of solvents) as well as their impact on classical side reactions
in SPPS. These experiments generated a toolbox of solvents that
can be used to replace DMF in SPPS in the future. Particularly,
for the replacement of DMF in PS-resin-based Fmoc-SPPS at
room temperature without making drastic changes in the con-
temporary state-of-the-art of SPPS technology, it is of key im-
portance to identify a solvent that shows equivalent polarity and
viscosity to DMF at room temperature. In our findings, we could
not identify any single solvent among the screened solvents that
shows in its neat form a similar polarity-viscosity (PV) profile
as DMF. However, mixing two neat solvents in an appropriate
proportion allowed to swiftly fine-tune the PV properties of the
solvent mixture close to the PV properties of DMF. As shown
in Fig. 2, it is possible to fine-tune the composition of a binary
mixture of dimethyl sulfoxide (DMSO)/1,3-dioxolane (DOL),
DMSO/2-methyl tetrahydrofuran (2-Me-THF) and DMSO/ethyl
acetate (EtOAc) close to DMF on the PV plot. These binary
mixtures are anticipated as viable alternatives to DMF in SPPS.
The 3:7 compositions of these binary mixtures occupy spaces
close to DMF on the PV plot. On the other hand, it was not
possible to obtain any combinations from N-butyl pyrrolidinone
(NBP) or N-formyl morpholine (NFM) with other green solvents
(such as EtOAc, DOL, 2-Me-THF) with a PV profile similar
to DMF. Several fully automated and DMF-free test syntheses
of Bivalirudin were performed explicitly in selected binary sol-
vents and results were compared with a reference synthesis in
DMF (data not shown)!'3! which suggest that apart from being a
viable alternative to DMF, binary solvents are also beneficial to
mitigate common side-reactions in SPPS.

Fig. 1. Sophisticated equipment involved in various stages of large-scale production of Octreotide.
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4. Molecular Hiving™ Technology
Finding an alternative solvent to DMF for traditional Fmoc-

SPPS is a daunting task with the main challenge for an alternative

solvent to swell the polymeric resin to an appropriate extent while

ensuring uniform diffusion throughout the resin bed. A complete-
ly different approach, the Molecular Hiving™ technology is an
attractive alternative to Fmoc-SPPS for manufacturing short to
medium-sized peptide APIs.[!7] Unlike the heterogeneous SPPS
method where resin-beads remain insoluble throughout the syn-
thesis, this homogeneous soluble tag-based technology does not
require resin swelling and solvent diffusion. Molecular Hiving™
therefore offers a broad space for environmentally friendly sol-
vent selection. Bachem has an exclusive license agreement with

Jitsubo CO. LTD. for its Molecular Hiving™ technology.!'8! The

working principle of Molecular Hiving™ technology is outlined

in Fig. 3 and combines the benefits from LPPS and SPPS. The
highlights of this synergy platform are

i.  the use of a soluble tag molecule to anchor the growing peptide
chain,

ii. amino acid derivatives that are used in classical Fmoc/fBu-
SPPS can be directly recruited in this process in much lesser
excess,

iii. it does not require isolation of intermediates,

iv. in-process control (IPC) is readily achieved,

Quenching of
activated Fmoc-

o —

—

v. overall solvent consumption is significantly reduced, up to
4-fold and, more importantly,

vi. Molecular Hiving™ technology allows the convenient choice
of solvents and reagents which are free from carcinogenic,
mutagenic and reprotoxic (CMR) substances.

Overall, the Molecular Hiving™ technology exemplifies that
apart from benefitting the environment, approaches for ‘green’ing
traditional processes and finding innovative platforms also ben-
efits the productivity and the cost-efficiency of processes (less
solvent consumption, less excess of reagents, inexpensive tag
molecules compared to polymeric resin, efc.).

5. Multi-column Countercurrent Solvent-Gradient
Purification (MCSGP) Technology

The purification step is one of the most critical steps in the
overall peptide API manufacturing process. It is required to ensure
high-quality API supply for drug development. Reversed-phase
(RP) or ion-exchange (IEX)-HPLC are traditional methods of pu-
rification that mainly suffer from compromised yield and produc-
tivity while obtaining high-purity of APIs. Moreover, a large sol-
vent consumption is inherently associated with this batch-mode
downstream process. The novel purification technique MCSGP
(multi-column countercurrent solvent-gradient purification) is an
innovative approach that allows internal recycling of overlapped

Fig. 3. lllustration of the principle
of Molecular Hiving™ technology.
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fractions that are continuously subjected to re-purification on an addi-
tional column placed in series.['”) Such continuous chromatography has
been proven to increase yield by 4-fold, productivity by 10-fold, and
to decrease solvent consumption by 70% without compromising the
final purity of an API compared to the batch purification method.[20211
Bachem is adopting MCSGP innovation with potential improvements
in purification methods enabling the efficient and commercial benefits
in the manufacturing of highly pure APIs. The working principle for
a two-column MCSGP process is depicted in Fig. 4. The tasks (1-15)
are computed and fully automated for a given purification cycle while
at the end of each cycle the positions of two columns are exchanged
via a simulated valve-switch.

The MCSGP process has prominent advantages over single-column
batch chromatography such as higher yield, lower solvent consump-
tion (up to 70% reduction) and lowered PMI which substantially re-
duces the chemical footprint on the environment. This technology once
again underlines that while benefitting the environment, the ‘green’ing
of chemical processes also improves the time and cost-efficiency of the
manufacturing processes.

6. Conclusion

Albert Einstein once said, “Life is like riding a bicycle. To keep your
balance, you must keep moving”. Since its foundation by Peter Grogg
in 1971, Bachem is marching ahead as a leading player in the niche
peptide API market for the last 50 years. Our innovative approaches
and openness towards continuous improvements are guiding us to keep
a critical balance between increasing market demands for large-scale
manufacture of APIs and the impact of involved chemical and purifi-
cation processes on the environment. To minimize the negative effect
of chemical processes on the environment, we have joined forces with
our collaborative partners not only to make the current manufactur-
ing state-of-the-art technologies more sustainable, but also to identify
new technologies with the intrinsic potential of minimal environmental
footprint. As we look forward, while keeping our prime commitment
to supply large-scale high-quality peptide APIs, our resolution to in-
novate and implement novel and environment-friendly technologies
will pave the way for a sustainable future. We have also learnt that
eco-friendly transformation of the manufacturing processes is not only
advantageous for the environment but also makes the overall process
more time-efficient and cost-effective.
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Fig. 4. Schematic illustration of
the MCSGP principle. The regula-
tion of sequential tasks (1-15,
blue circles) on two columns is
shown on the left. A represen-
tation of overlapping fractions
containing the pure product (P),
weakly-adsorbing impurity (W),
and strongly-adsorbing impurity
(S) is shown on the right side.
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