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ABSTRACT: A growing industrial interest toward the peptide drug market fueled the need for the development of effective and
cGMP compliant manufacturing methods for these complex molecules. Solid-phase strategies are considered methods of election for
medium-length peptide syntheses not only on the research scale but for multigram-scale production, as well. The possibility to use
microwave-assisted technology on the multigram scale, recently introduced, prompted us to evaluate the possibility to conveniently
set up a safe and fully cGMP-compliant pilot process to produce eptifibatide, a generic peptide active pharmaceutical ingredient.
Accordingly, we developed an optimized process on the laboratory scale (1−5 mmol), which was subsequently successfully scaled up
to 70 mmol, obtaining all the information required by regulatory agencies to validate the process and qualify the pilot scale plant.
The process consists of 5 steps: (1) automated microwave-assisted solid-phase synthesis of eptifibatide linear precursor; (2) cleavage
from the resin with concomitant amino acid side-chains deprotection; (3) disulfide-bond formation in solution; (4) purification by
flash column chromatography; (5) ion-exchange solid-phase extraction. Since the direct scale-up of a multigram-scale cGMP
compliant peptide API production procedure is a challenge that requires an accurate understanding of each involved step, we initially
performed a quality management risk assessment, which enabled a smooth and effective achievement of a successful final result.

KEYWORDS: generic peptide drug, peptide production scale-up, multigram-scale microwave-assisted peptide synthesis, technology transfer,
peptide production pilot plant

■ INTRODUCTION

According to the latest “Transparency Market Research”
report, the global peptide therapeutics market was valued in
2018 at ca. 25 billion USD, and it is anticipated to expand until
2027 at a Compound Annual Growth Rate (CAGR) of 7.9%.1

Moreover, a recent report by Roots Analysis, Business
Research and Consulting, expects that the peptide therapeutics
market following industry trends and global forecast 2021−
2030, will be directly associated with increasing investments in
R&D activities, in search of new drug substances for treating
infectious diseases, metabolic disorders, diabetes, cancer, and
other diseases.1 Additionally, companies are moving toward
the generic peptide drug market that appears to offer a
relatively easy and lucrative option, also because of several
patents expiring.
Industries that produce generic peptide drugs following

cGMP requirements have to cooperate with regulatory
authorities, such as the European Medicines Agency (EMA)
and US Food and Drug Administration (FDA), to harmonize
guidelines on therapeutics production.2 In this frame, a
potential application for EMA and/or FDA approval of a
synthetic peptide drug, referred to as a previously approved

one, shall be submitted as an Abbreviated New Drug
Application (ANDA) of the Federal Food, Drug, and Cosmetic
Act (FD&C Act). According to this document, ANDA
application is mandatory to demonstrate that the active
pharmaceutical ingredient (API) is equivalent to the reference
listed drug (RLD). ANDA approval strictly depends on the
impurity profile. In particular, a proposed generic synthetic
peptide drug cannot contain more than 0.5% of each new
specified peptide-related impurity that has to be characterized
and demonstrated not affecting safety and effectiveness of the
drug.3−5 Therefore, methods validation and facilities qual-
ification become part and parcel of this demonstrative process,
to ensure and preserve the identity, quality, effectiveness, and
purity of the generic peptide drug candidate.
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Solid-phase strategies are considered methods of election for
medium-length peptide syntheses not only on the research
scale but more and more also for multigram-scale production.
Since large quantities of hazardous solvents such as DMF,
NMP, and/or CH2Cl2 are required to perform reactions and
washings in this multistep process, innovative synthetic
technologies and purification protocols have been proposed
with the primary goal to identify greener solvents and
procedures. Albericio and co-workers proposed as green
solvents 2-MeTHF and Gamma-Valerolactone (GVL), dem-
onstrating good swelling capacity of the solid support (2-
chlorotrityl chloride and Wang resins), solubilization capa-
bility, and reactivity of amino acid building blocks and
coupling reagents, even if demonstrated only on the small
scale.6−8

Another aspect investigated to improve the efficiency of
solid-phase peptide synthesis (SPPS), also from the instrument
engineering perspective, is temperature control of the reaction.
Pentelute and co-workers reported the development of an
automated fast-flow instrument to synthesize up to 164-amino-
acid peptide chains via 327 reaction steps, with coupling cycles
of 40 s at 90 °C.9 However, “a potentially limiting factor for
the setup is synthesis scale”.10 In fact, the capacity of the
reactor currently available allows hosting only 200 mg of resin
with a loading of ca. 0.5 mmol/g. To the best of our
knowledge, multigram-scale equipment is available only for
conventional synthetic approaches in the solid-phase at room
temperature (CS-Bio, Gyros).
Consistent with new frontiers of synthesis automation and

control engineering is the variable bed flow reactor (VBFR)
developed by Seeberger and co-workers. VBFR-SPPS allows
monitoring of on-resin aggregation, secondary structure
formation, as well as deprotection and coupling reactions
that may lead to variation of resin swelling, resulting into
decreased coupling efficiency. Although thorough real-time
monitoring is pivotal to guaranteeing reproducibility for
multigram-scale production, to the best of our knowledge,
larger equipment compatible with this technology is still not
available.11

A different perspective is offered by microwave (MW)
technology, which has been demonstrated to overcome
possible drawbacks of multigram-scale solid-phase synthesis.
As reported by Collins et al., MW irradiation significantly
decreases reaction time, increasing crude purity.12−14 There-
fore, MW-SPPS is now considered one of the most important
strategies to obtain synthetic peptides. Indeed, among all the
innovative technologies above-described, MW irradiation is the
unique one currently exploited in a commercially available
synthesizer for multigram-scale production. CEM Corporation
(Charlotte, NC, U.S.A.) provides three microwave-assisted
solid-phase synthesizers allowing the scale-up of a MW-SPPS
optimized process.15 These instruments can perform syntheses
from 0.005 to 5 mmol scale (Liberty Prime and Liberty Blue
systems) and from 5 to 800 mmol scale (Liberty Pro system).
The latter was used within the work reported herein for a
cGMP compliant industrial production of a 70 mmol pilot-
scale peptide active pharmaceutical ingredient to be
commercialized as a generic drug.
Several patents claiming synthetic processes to produce the

disulfide-bridged cycloheptapeptide eptifibatide include strat-
egies based on SPPS, liquid-phase peptide-synthesis (LPPS),
and hybrid approaches. Among the most remarkable SPPS
strategies, Qin et al. disclosed the synthesis of a linear

eptifibatide precursor on Sieber resin. Acetamidomethyl
(Acm) was used as an orthogonal protecting group of the
thiol function both of cysteine and mercaptopropionic acid
(MPA). Contemporary Acm removal and disulfide bond
formation led to the desired cyclopeptide eptifibatide.16

Despite the method appearing easy, poor handling of the
resin makes it less exploitable, with low yield as an output. On
the other hand, Wen et al. proposed the use of different solid
supports, such as Rink Amide, Rink Amide AM, and Rink
Amide MBHA resins. However, each strategy requires several
intermediate steps before isolation of the desired cyclo-
peptide.17

Concerning the strategies used for multigram-scale disulfide
bond formation, most of the methods reported in the literature
are based on oxidation in solution, after cleavage of the
corresponding linear precursor from the resin. Strong oxidizing
reagents (such as H2O2, DMSO, I2) are proposed for off-resin
oxidation.18 However, disulfide bridge formation under basic
conditions requires accurate reaction optimization conditions,
and in particular pH, concentration, and the solvent mixture
must be carefully controlled. As recently described, automated
MW-assisted solid-phase synthesis significantly decreased
production times and waste volumes to obtain up to 5 mmol
eptifibatide (Figure 1).15

■ RESULTS AND DISCUSSION
Final aim of the present work is to provide a proof-of-concept
that industrial manufacturing of peptide APIs can take
advantage from the performances of MW-assisted solid-phase
synthesizers available on the market. This approach can be
strategic for the scale-up of the synthetic process, particularly
for those manufacturers entering the market of peptide generic
drugs and requiring scientific knowledge transfer and support
in overcoming possible unforeseen events in peptide chemistry.
We report herein the laboratory process optimization (1−5

mmol) of the heterodetic cyclopeptide API eptifibatide acetate
(Figure 1) in five steps: (1) eptifibatide linear precursor
automated MW-assisted solid-phase synthesis (Liberty Blue,
CEM, Charlotte, NC, U.S.A, step 1); (2) cleavage from the
resin and amino acid side-chain deprotection (step 2); (3) in
solution disulfide-bond formation (step 3); (4) purification by
flash column chromatography (step 4), followed by (5) ion-
exchange solid-phase extraction (step 5). Different steps are

Figure 1. Eptifibatide acetate: N6-(aminoiminomethyl)-N2-(3-mer-
capto-1-oxopropyl)-L-lysylglycyl-L-α-aspartyl-L-tryptophyl-L-prolyl-L-
cysteinamide, cyclic (1→6)-disulfide acetate.
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defined in Scheme 1. We also demonstrated the scalability of
this protocol to an industrial cGMP compliant robust
manufacturing process to produce 70 mmol peptide API. To
the best of our knowledge, this is the first time that the
automated MW-assisted solid-phase multigram-scale peptide
synthesizer Liberty Pro (CEM, Charlotte, NC, U.S.A) was
used for cGMP production of a peptide API.

In addition, since industrial process optimization shall
consider specific requirements such as safety, economic, and,
most importantly, regulatory aspects, we examined in depth all
those features that we considered critical during the technology
transfer from lab- to pilot-scale. These aspects are described in
specific paragraphs, titled “scale-up activities”, after the
description of each step lab-scale optimization.

Scheme 1. Synthetic Scheme of Eptifibatide Acetate Production

Figure 2. Ishikawa diagram for the development of the cGMP eptifibatide acetate production process. Critical process parameters (CPPs) are
reported in bold.

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.1c00368
Org. Process Res. Dev. 2021, 25, 2754−2771

2756

https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00368?fig=fig2&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.1c00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Finally, since the direct scale-up of a kilogram-scale, cGMP
compliant peptide API production procedure is a challenge
that requires an accurate understanding of each involved step,
we initially performed a quality management risk assessment,
as described in the following paragraph.
Quality Risk Management: Identification of Critical

Quality Attributes and Critical Process Parameters to
Be Optimized. Implementation of Abbreviated New Drug
Application (ANDA) for eptifibatide approval by regulatory
agencies (as for any other peptide generic drug) required a
systematic approach to preliminarily define Critical Quality
Attributes (CQAs) and understanding the process to follow,
identifying critical material attributes (CMAs) and critical
process parameters (CPPs). This allowed the establishment of
the functional relationships linking CMAs/CPPs to CQAs,
according to the International Conference of Harmonization
document Q8 (ICH Q8). In this process, profound knowledge
of peptide science and therefore of the organic chemistry of the
molecule to be produced is pivotal.
In this framework, the Ishikawa diagram was selected to plot

the list of the parameters involved in the eptifibatide acetate
manufacturing process to identify the critical parameters that
have been considered into the optimization process on 1−5
mmol lab-scale (Figure 2).
The present work does not claim to be a detailed description

of GMP requirements, rather it would show an example of
process optimization and pioneering pilot scale transfer
according to cGMP requirements.
We followed the principles of quality risk management to

establish a suitably controlled cGMP compliant manufacturing
process of an eptifibatide acetate pilot batch across the product
life cycle. In particular, we evaluated the risk to quality (thanks
to the scientific knowledge of peptide chemistry), and we
provided formalities and documentations of the performed
experiments commensurate with the level of risk, integrated
with facilities, equipment, utilities qualification, materials
management, laboratory control, and stability testing.19 The
identification of hazards and the analysis and evaluation of risks
associated with exposure to those hazards is a relevant part of
risk assessment (EUH019, hazard statement in Classification,
Labeling & Packaging regulation).20

Step 1. Optimization and Scale-up of Solid-Phase
Synthesis of on-Resin Eptifibatide Linear Precursor by
Automated MW-Assisted Synthesizers. At the industrial
level, cost flow in process costing requires evaluation of direct
material costs from the beginning of the process, i.e., reagents
and solvents to be used for peptide synthesis, isolation, and
purification, including ion-exchange solid-phase extraction.
Solid-phase synthesis through stepwise assembly of building
blocks on a solid support usually requires large excesses of
reagents essential to overcoming limitations due to reactions in
the heterogeneous phase. However, this practice strongly
affects the cost of the final product.
In this framework, automation is fundamental to getting

continuous cycle manufacturing, minimizing intermediates
isolation, and preserving both safety and reproducibility.
On-resin fully protected linear eptifibatide precursor MPA-

(Trt)-Har(Pbf)-Gly-Asp(OtBu)-Trp(Boc)-Pro-Cys(Trt)-Rink
Amide AM resin was built via a standard Fmoc/tBu MW-SPPS
strategy (see Experimental Section). The coupling system
based on N,N′-diisopropylcarbodiimide (DIC) and Oxyma
Pure is considered safe, has a low cost, and is suitable for MW-
SPPS because of its stability at 90 °C (temperature reached in

the MW conditions) and requires lower DMF washing
volumes, due to its higher solubility, as compared to more
classic coupling reagents.
We describe herein the successful scale-up to 70 mmol of

fully protected on-resin eptifibatide linear precursor in 1 day by
an automated MW-assisted process, using the Liberty Pro
synthesizer, after having optimized the synthesis on a 5 mmol
scale on the Liberty Blue synthesizer. The aim is to
demonstrate that the MW-assisted process dramatically
decreases the time of production, compared to conventional
room temperature solid-phase synthesis, usually requiring at
least 1 week to obtain similar length peptides. Consequently,
labor price, the most relevant cost for industrial manufacturers,
will be decreased.

Evaluation of the Minimal Quantity of the High-Cost
Building Block Fmoc-L-Har(Pbf)-OH. As underlined above, a
careful analysis of the purity profile is pivotal to producing a
generic API compliant with cGMP requirements. The on-resin
synthesis of the linear eptifibatide precursor requires use of the
high cost building block Fmoc-L-Har(Pbf)-OH.
Therefore, optimization of its coupling conditions, minimiz-

ing cost flow in process costing, is a challenge. First, we
explored the scalability from a 1 to 5 mmol scale investigating
(1) single vs double coupling; (2) the use of lower reagents
excess; and (3) an increase of coupling time, maintaining the
temperature at 90 °C and adapting MW-power to the different
scale.
We demonstrated that the first coupling should not be

performed with <2.5 equiv of Fmoc-L-Har(Pbf)-OH (Table
S1, entries 1−3). This is fundamental to limiting Des-Har2-
linear precursor impurity formation that was observed (Figure
S1) possibly because of the high hindrance of the Pbf
protecting group and/or δ-lactam formation from the activated
Fmoc-Har(Pbf)-OH building block, affecting coupling effi-
ciency.21 A large excess of activated building blocks or double
couplings may overcome this problem. However, in our case,
double coupling did not appear to be advantageous in terms of
limiting Des-Har2-linear precursor impurity formation. We
succeeded in optimizing the coupling conditions of Fmoc-
Har(Pbf)-OH on a 5 mmol scale in 15 min, using 1 × 2.5
equiv, at 90 °C and 17−26 W, obtaining only a 0.6% Des-Har2-
linear eptifibatide impurity (Table S1, entry 5), compared with
the 1 mmol scale (Table S1, entry 4). Interestingly, the scale-
up to 70 mmol (1 × 2.5 equiv of Fmoc-Har(Pbf)-OH at 90 °C
and 1800−800 W, Table S4) did lead in only 40 min to <0.1%
of the Des-Har2-linear eptifibatide impurity (see Experimental
Section: IPC by resin cleavage). Therefore, no further
investigation was performed of possible δ-lactam formation
from the activated Fmoc-Har(Pbf)-OH building block, as
recently reported in the case of Fmoc-Arg(Pbf)-OH by de la
Torre et al., who observed large quantities of Des-Arg peptides
once the temperature was not maintained at <55 °C but
without microwaves.22

Scaling-up the coupling step from 5 mmol on Liberty Blue
to 70 mmol on Liberty Pro (characterized by an optimized
dual-mode mixing with overhead mechanical stirring and N2
bubbling, homogeneously heating resin and diffusing solvents)
required a proportional increase of MW power and reaction
time to guarantee optimal performances of the synthesis.
Increasing the time of coupling was possible because of the
stability and the efficiency of the DIC/Oxyma pure coupling
system under MW conditions. Reproducibility of the MW-
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SPPS on the pilot-scale was unequivocally demonstrated
(Tables S2, S3, and S4).
Quality Check of Solvents and Reagents in Compliance

with Critical Material Attributes (CMAs). Industrial raw
materials (RMs) are generally stored in large tanks in the
manufacturer’s warehouse department and withdrawn as
needed.23,24 The industrial grade material attributes must be
demonstrated to be compliant with the analytical ones.
Consequently, before starting the 70 mmol pilot scale
production, industrial-grade DMF and Oxyma pure quality
were tested (use test). First of all, we demonstrated that the
reagents were compliant with suppliers’ certificate of analysis
(CoA). Moreover, their performances were compared on a 5
mmol scale synthesis with a second synthesis performed under
the same conditions using analytical-grade reagents. As the
UHPLC purity (after cleavage) of the eptifibatide linear
precursor crude and Des-Har2-linear precursor impurity
amount resulted as comparable, we considered it acceptable
to use industrial-grade DMF and Oxyma pure reagent,
decreasing the production cost (Table S5).
Step 2. Cleavage from the Resin and Amino Acid

Side-Chains Deprotection to Obtain the Crude Eptifiba-
tide Linear Precursor. The cleavage step, which consists of
the concomitant cleavage of the peptide from the resin and
side-chain deprotection, can potentially generate impurities
that must be precisely characterized to fulfill cGMP require-
ments for the final regulatory approval.
Identification of the critical quality attributes (CQAs) of the

API and critical processing parameters (CPPs) are pivotal to
the release of the final peptide batch.25 Cleavage conditions
have to be considered CPPs because of their direct connection
to the final purity profile (Figure 2). Deviations and being out
of specification (OOS) from the expected behavior may affect
the safety and efficacy of the final product, invalidating final
approval for human use marketing. Consequently, further
investigations to demonstrate the causes, followed by time-
consuming corrective actions, are required.
Investigation on the Cleavage Scavenger Mixture Effect

on Crude Purity. The mixture TFA/TIS/DODT/H2O
92.5:2.5:2.5:2.5 (v/v/v/v) was tested first to cleave the
eptifibatide linear precursor from the resin (Figures S2 and
S3). After cleavage, UHPLC/ESI-MS analysis of the crude
product obtained after precipitation in ether showed three
main side products: Rt = 5.154 min, [M + H]+ m/z = 890.39
(Imp a); Rt = 5.333 min, [M + H]+ m/z = 890.39 (Imp b),
both deviating +56 m/z; Rt = 4.258 min, [M + H]+ m/z =
878.32 (Imp c), deviating +44 m/z, from the calculated mass
value [M + H]+ m/z = 834.33 (Rt = 4.333 min) of the
eptifibatide linear precursor, respectively (Figures S4, S5, S6,
and S7).
Reactions to cleave tBoc and tBu protecting groups from

Trp and Asp side chains, respectively, generate tert-butyl
carbocation species. This highly reactive electrophilic species
shall be quenched in situ by appropriate nucleophiles added to
the TFA cleavage cocktail, i.e., scavengers, in order to prevent
reattachment or modification of the deprotected nucleophilic
side chains, such as thiol function on cysteine.26,27

In the specific case of the eptifibatide linear precursor,
cysteine and MPA thiol functions represent possible electro-
philic attack acceptors. In this framework, MS/MS analysis of
the peak at Rt = 5.154 min revealed the fragment [M + H]+ m/
z = 487.3 corresponding to the b4 fragment with tert-butyl
carbocation reattachment on MPA thiol function. Therefore,

we demonstrated that Imp a is the tert-butyl derivative of the
eptifibatide linear precursor (Figure S5). Consequently, we can
hypothesize that Rt = 5.333 min (Imp b) corresponds to the
impurity of the tert-butyl derivative on cysteine thiol function.
Cysteine and MPA thiol functions in the crude could be

both deprotected from the newly formed StBu-peptide side
product only using hazardous reagents, requiring expensive
strong acid-resistant equipment. However, since Imp a and
Imp b cleaning from the eptifibatide TFA salt after purification
(step 4) led to residual amounts compliant with international
regulatory standards, we did not consider strong acid
treatments.
The best crude UHPLC purity was achieved performing the

cleavage in two steps. In the first 30 min, two different cleavage
cocktails were tested at 2 mmol, and the data are shown in
Table 1. In the second step, a further 230 mL of TFA were

added and maintained under stirring for 2.5 h at r.t. to
maximize eptifibatide linear precursor crude recovery. Both
cleavage conditions led to comparable impurities (Table 1).
However, the best crude UHPLC purity was achieved using
entry 1 mixture. Therefore, in the final cleavage mixture
selected for the multigram-scale synthesis, the TFA/H2O/TIS/
DODT ratio was 91:2.3:2.3:4.4 (v/v/v/v), which corresponds
to 0.11 M TIS, 0.33 M DODT, and 1.3 M H2O.
Moreover, Imp c was hypothesized to correspond to the

intermediate of the eptifibatide linear precursor containing
Trp-carbamic acid ([M + H]+ m/z = 878.32).28,29 In fact,
deprotection of the tBoc protecting group from Trp indolyl
side-chain occurs via a stepwise pattern of tBu carbocation
formation followed by acidolysis of the Trp-carbamic acid
intermediate derivative. Interestingly, slow decarboxylation
kinetics are distinctly beneficial to avoiding additional impurity
formation by electrophilic attack of the tBu carbocation to the
indolyl side chain, otherwise favored in the presence of
unprotected Trp.
Our hypothesis was demonstrated treating an isolated IPC

of the eptifibatide linear precursor crude with 0.1% (v/v) TFA
in H2O/CH3CN 2:1 (v/v) mixture and analytically monitoring
the disappearance of the peak at Rt = 4.258 (completed in 60
min, Figure 3). Therefore, a simple, longer deprotection step
should be sufficient for the disappearance of Imp c.

Evaluation of the Optimal Antisolvent to Precipitate
Eptifibatide Linear Precursor Crude. Eptifibatide linear
precursor crude was precipitated after filtering off the resin
from cleavage solution using an antisolvent. Diethyl ether
(Et2O), diisopropyl ether (iPr2O), methyl-tert-butyl ether
(MTBE), and cyclopentyl-methyl ether (CPME) were tested,
also considering toxicity and safety (Table 2). The high-cost
CPME, recently introduced by Albericio and co-workers as a

Table 1. Cleavage Cocktails Tested to Obtain the Highest
UHPLC Crude Purity

entry
1st step cleavage mixture

volume ratio
UHPLC crude
purity,a %

Imp a a%

Imp b a %

1 TFA/H2O/TIS/DODT 61.5 4.1
(72:7:7:14) 1.8

2 TFA/H2O/TIS/DODT 57.1 3.6
(60:10:10:20) 1.0

aMethod used to isolate eptifibatide linear precursor crude: Et2O (80
mL/g resin), r.t., 30 min stirring; 0 °C and 60 min stirring.
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Figure 3. RP-UHPLC traces of eptifibatide linear precursor crude monitoring Trp(Boc) deprotection at different reaction times (zoom 4.1−4.5
min). Panel A, 0 min; panel B, 30 min; panel C, 60 min. C18 column Waters Acquity CSH (130 Å, 1.7 μm, 2.1 × 100 mm); temperature 45 °C;
flow, 0.5 mL/min; eluent, 0.1% (v/v) TFA in H2O (A) and 0.1% (v/v) TFA in CH3CN (B); λ, 215 nm, gradient, 12−45% B in 10 min. Rt = 4.26 ±
0.015 min: Imp c. Rt 4.34 ± 0.01 min: linear eptifibatide precursor.

Table 2. UHPLC Purity Profile, Yield, and Cost of Eptifibatide Linear Precursor Crude Obtained after Resin Cleavage and
Precipitation Using Different Solvents

entry synthesis scale, mmol antisolvent UHPLC crude purity,a %

Imp a a%

crude yield,b % cost,c €/LImp b a%

1 0.18 Et2O 57.0 7.24 52.3 40−100
2.57

2 iPr2O 58.8 6.85 73.4 40−50
2.57

3 MTBE 55.4 7.18 73.9 46−65
2.67

4 CPME 66.4 4.60 62.8 100−200
1.63

5 1.80 iPr2O 60.7 6.45 73.5 40−50
1.05

aResin cleavage cocktail: TFA/H2O/TIS/DODT 92.5:2.5:2.5:2.5 (v/v/v/v), 20 mL/g resin, stirring 3 h at r.t. Method used to isolate eptifibatide

linear precursor crude: 80 mL solvent/g resin; r.t., 30 min stirring; 0 °C, 150 min stirring. b = ×
× ( )

Yield (%) 100
found weight

calcd weight

peptide content
100 (UV average

peptide content: 72.0%). cAnalytical-grade solvent costs for lab-scale production.
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“green alternative to the hazardous Et2O and MTBE”, did not
fulfill industrial needs.30,31

Despite the good performances in terms of cost (46−65
€/L), crude precipitate yield (73.9%), and UHPLC purity
(55.4%), the antisolvent MTBE (usually considered as an
industrial alternative to Et2O, typically used in lab-scale) has
the disadvantage of being classified in the list of substances of
very high concern (SVHC) drafted by the European Chemicals
Agency (ECHA) as hazardous chemicals for both the
environment and human health.32−34 After evaluation of all
factors, iPr2O was selected as an antisolvent because of low
volatility, facilitating large volume management (crude yield
73.4% and UHPLC purity 58.8%) with a competitive cost
(40−50 €/L). Moreover, the 10-fold scale-up of crude
precipitation conditions maintained the same performance
(Table 2, entries 2 and 5).
Scale-up Activities of Cleavage Step (Step 2). The cleavage

step process on both the 5 and 70 mmol scale shows that the
scale-up produced extremely comparable UHPLC crude
purities (5 mmol, 74.1%; 70 mmol, 73.7%) and yields (5
mmol, 84.6%; 70 mmol, 82.2%) as reported in Table 3.

Moreover, both impurity profiles on the 5 mmol scale
(Figure S8) and 70 mmol scale show the following: Imp a, ca.
5%; Imp b, ca. 3% (Table 3, Figure 4). Interestingly, no new
impurities were detected in the 70 mmol scale crude analysis,
demonstrating the successful direct scale-up process (Table
S6).

Evaluation of Quality and Risk Assessment of Resin
Cleavage Materials: Risk Analysis Associated with Exposure
to Volatile Ethers and Peroxide Content, Exothermic
Hazard, and TFA Quality (Use Test). Ethers volatility and
peroxide-forming tendency are directly related to the fire and
explosion propensity. Therefore, peroxide content in iPr2O was
identified as a hazard in risk assessment.35 Moreover, peroxides
can contribute to uncontrolled oxidation of amino acid side
chains (such as Cys, Trp), dramatically affecting purity
outcomes. Three different industrial-grade iPr2O with different
peroxide content (0, 350, >1000 ppm) were compared with an
analytical-grade peroxide-free iPr2O (Merck KGaA, Darmstadt,
Germany; Table S7). A peroxide content of >1000 ppm
dramatically affected the purity (32.5% vs >60%) of the crude
displaying high retention time broad peaks in the UHPLC
profile (oligomer formation). A slight decrease in purity was
obtained with iPr2O containing 350 ppm peroxides. However,
undoubtedly, careful control of iPr2O peroxide content (<350
ppm, ideally peroxide-free) must be performed before
precipitation of the eptifibatide linear precursor crude for
both safety and purity.
Precipitation of a crude eptifibatide linear precursor from

TFA cleavage solution by adding iPr2O was considered in the
risk assessment management because of the exothermic effect
during addition. In particular, lab-scale preliminary tests for
hazard evaluation to quantitatively assess heat development
during the process is fundamental for the final scale-up.17

Lab-scale precipitation from the TFA cleavage solution was
performed following the optimized conditions described above.
The temperature was maintained at <35 °C by ice-bath cooling
to limit the temperature increase of the TFA solution during
the exothermic addition of iPr2O at 4 °C. In the 70 mmol pilot
scale process, the temperature of the mixture was maintained at
<35 °C using a thermostated jacketed reactor under stirring to
manage the temperature increase developed during the
exothermic iPr2O addition. This procedure allowed both to

Table 3. Cleavage Step Comparative Analysis at 5 mmol vs
70 mmol Scale, to Obtain Eptifibatide Linear Precursor:
UHPLC Crude Purity Profile and Yield

step 2 outputa,b
70

mmol
5

mmol

eptifibatide linear precursor crude UHPLC purity (%) 73.7 74.1
yieldc (%) 82.2 84.6

impurities Imp a (%) 5.5 5.3
Imp b (%) 3.5 2.1

aLoading of Rink amide AM resin: 0.97 mmol/g. Coupling
conditions: single coupling 1 × 2.5 equiv building block (0.4 M), 1
× 2.5 equiv DIC (3 M), and 1 × 2.5 equiv Oxyma pure (1 M). All
reagents were dissolved in DMF. Final resin washing: 9.3 mL/g resin
(3 × iPrOH). bResin cleavage cocktail: TFA/H2O/TIS/DODT
72:7:7:14 (v/v/v/v); 7 mL/g resin, stirring 30 min, r.t.; further
addition of 15 mL TFA/g resin, stirring 2.5 h, r.t. Procedure used to
isolate eptifibatide linear precursor crude: 80 mL iPr2O/g resin, 2 h, 0

°C. c = ×
× ( )

Yield (%) 100
found weight

calcd weight

peptide content
100 (UV average peptide

content: 79.0%).

Figure 4. RP-HPLC trace of eptifibatide linear precursor crude (step 2 at 70 mmol scale). Rt = 3.46 min eptifibatide linear precursor; Rt = 4.24 min,
Imp a; Rt = 4.43, Imp b (procedure S1).
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mitigate workplace safety risks and to guarantee eptifibatide
linear precursor crude quality (data not shown).
TFA Quality Check (Use Test). Industrial-grade TFA

specifications declared by the supplier (appearance: clear,
colorless liquid, free of particulate matter; purity: ≥99.5%;
water content: ≤0.1%; UV absorbance λ, 280 nm: ≤0.002; λ,
254 nm: ≤0.005; λ, 230 nm: ≤0.090) were confirmed before
use, by the Quality Control Laboratory in FIS - Fabbrica
Italiana Sintetici S.p.A. Industrial-grade TFA withdrawn from a
storage tank was tested in a cleavage reaction performed on a
resin batch obtained on the 5 mmol scale and compared with a
second cleavage reaction performed under the same conditions
using analytical-grade TFA (Aldrich-grade). Since the UHPLC
purity of both eptifibatide linear precursor crudes were
comparable (data not shown), the use of industrial-grade
TFA was considered acceptable, decreasing the process cost.
Identification of Hold Points in the Scale-up Process. Our

industrial production system was organized in batches. The
adopted multistep process would need to be stopped before
the term to manage any technical unforeseen events or
inspection and test plan process (hold points). In particular,
during the pilot-scale MW-SPPS (step 1), hold points were
identified only after each coupling cycle (including washings
and draining), before Fmoc-deprotection of the last building
block on the resin. This was to avoid leaving reactive free
amino functions on the resin in the reactor.
In addition, resin cleavage and side-chain deprotection

under TFA harsh acidic conditions should be performed
without delay to preserve purity and yield. The filtered solution
containing the peptide crude in TFA was held at room
temperature. After 24 h, the crude was precipitated in iPr2O at
0 °C for 1 h. UHPLC crude purity dramatically decreased
compared with the one obtained after immediate precipitation
(data not shown). Therefore, the hold point to consider was
the precipitation phase. A stability study of eptifibatide linear
precursor crude was performed maintaining the suspension

after precipitation in iPr2O at 0 °C for 1, 3, and 24 h.
Monitoring UHPLC purity demonstrated crude stability up to
24 h (Table S8). Therefore, we established a TFA cleavage/
deprotection treatment time of 0−1 h and a waiting time in the
presence of iPr2O at 0 °C of 3−24 h.

cGMP Equipment and Facilities for the 70 mmol Scale
MW-SPPS (Step 1) and Resin Cleavage (Step 2). cGMP
peptide API production requires the qualification of
manufacturing equipment, proving the suitability of the system.
The qualification process consists of four main actions: design,
installation, operational, and performance qualifications. The
design has to consider final product features, minimizing
external contaminations, which could affect product quality.
The plant was designed to include a walk-in fume hood (4 m2)
hosting the Liberty Pro MW-assisted synthesizer (CEM,
Charlotte, NC, U.S.A) and to allow easy-cleaning procedures
both before and after solid-phase peptide manufacturing (step
1). The equipment to perform step 2 was designed to limit
both air exposition and operator’s handling (Scheme 2).
The amount of starting material and reagents used for both

cleavage and side-chain deprotection (step 2) are reported in
Table 4.
After the drying session under N2 inside the Liberty Pro

reaction vessel, the linear precursor-resin was transferred into

Scheme 2. Industrial Plant Scheme Designed for Resin Cleavage, Side-Chains Deprotection, and Isolation of Crude
Eptifibatide Linear Precursor TFA Salt (Table S9)

Table 4. Starting Material and Reagents Used for Both
Cleavage and Side-Chain Deprotection (Step 2)

chemical vol (L)
amount
(kg)

eptifibatide linear precursor-resin 0.170
H2O low endotoxin 0.5 0.085
TIS 0.5 0.066
DODT 1 0.190
TFA 5 (Initial wash) + 22 6.90
iPr2O 11.8 (Initial wash) + 92 12.68
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the 5 L jacketed glass filter reactor (RV1232), thermostated at
20 °C. The cleavage cocktail was added from the top of the
reactor, and the reaction was carried out under constant
stirring. Then, the peptide-cleavage cocktail solution was
transferred into the 21 L jacketed glass reactor (RV1233)
through the filter on the bottom of the 5 L reactor (RV1232).
The transfer to the receiving reactor was performed under
vacuum conditions. Furthermore, the 5 L reactor bottom was
linked to the head of the 21 L reactor (RV1233) by an inert
Teflon tube. The 21 L reactor (RV1233) was thermostated at
0 °C and equipped with two thermometers (one inside the
reactor and one immediately before the condenser) and one
pHmeter (switched off during this step). The head of the 21 L
reactor is linked to a 10 L glass reservoir by an inert Teflon
tube and to a double-coil glass condenser (water-cooled) that
is linked to a 5 L glass collection flask. Ether addition to the
peptide-cleavage cocktail solution was performed while
monitoring that the temperature was maintained at <35 °C.
After crude precipitation, the suspension was transferred

under vacuum conditions to the 2 L jacketed glass filter reactor
(RV1231) by an inert Teflon tube connecting the bottom of
the 21 L reactor (RV1233) to the head of the 2 L reactor
(RV1231). Final crude filtration was performed at 0 °C. Both
transfer of the suspension from the 21 L reactor (RV1233) and
eptifibatide linear precursor crude filtration were performed
under vacuum conditions. Finally, after a drying session under
N2, the filtering bottom was disassembled from the rest of the
2 L reactor (RV1231), and the crude product was recovered.
Step 3. Disulfide Bond Formation in Solution to

Obtain Crude Eptifibatide TFA Salt. Disulfide bond
formation in the eptifibatide linear precursor is usually
performed by an oxidant reagent. Intramolecular and
undesired intermolecular reactions (dimerization/oligomeriza-
tion) can affect final purity profile if crucial parameters such as,
peptide concentration, pH, and type of oxidant reagent are not
optimized.
We previously reported a detailed investigation on

eptifibatide disulfide bond formation on the 5 mmol scale
both in solution (5.3 mM peptide concentration, pH 9.5, in
H2O/CH3CN, 2:1 (v/v)) by air oxidation over 22 h (98%
conversion, 61% purity, and 6.6% dimer) and in the solid-
phase. This solid-phase strategy had the advantage of
synthesizing and cyclizing eptifibatide in the same reactor.15

However, in the multigram-scale process developed herein, the
use of the less expensive building-block Fmoc-Cys(Trt)-OH
(compared to Fmoc-Cys(StBu)-OH used in the previously
reported strategy) and the increased HPLC purity yield of
eptifibatide crude obtained by air oxidation in solution (65% vs
40.9%) let us further investigate solution disulfide bond
formation. Therefore, several oxidants and reaction conditions
were tested,36−40 in order to obtain the highest eptifibatide
HPLC crude purity (data not shown). Disulfide bond
formation in H2O2 aqueous solution was considered a balanced
compromise in terms of efficacy, costs, sustainability, and
postcleaning procedure of the equipment.
Despite of a fast conversion (<15 min) of the eptifibatide

linear precursor (5.3 mM in H2O/CH3CN 2:1 v/v) on the 0.5
mmol scale, after the addition of 0.8 equiv of H2O2 in one shot
at time 0, at pH 9.5 (NH4OH), a substantial formation of a
dimer impurity (>10%) was observed (Figures S9, S10, and
S11). Therefore, different reaction conditions were inves-
tigated to obtain complete conversion with the highest
eptifibatide TFA purity and lowest dimer impurity formation.

In particular, the same equivalents of H2O2 (0.8 equiv) were
added in two or four portions (Table S10), and then the linear
precursor concentration was decreased (Table S11). Two
additions of 0.44 equiv of H2O2 (at 0 and 60 min, respectively,
panel 1, Table 5) compared to 4 × 0.22 equiv

(at 0, 30, 60, and 90 min, panel 2, Table 5) did not influence
either the eptifibatide TFA yield or the dimer impurity
formation. However, in the scale-up process, the possibility of
four sequential additions of a lower number of H2O2 equiv/
time allowed a more accurate in process control of the
oxidation reaction (Figure 5).
Therefore, two different concentrations of linear eptifibatide

precursor crude (2.1 mM and 1.6 mM) with the addition of 4
× 0.22 H2O2 were tested on the 0.5 mmol scale (Figure 6).
Lowering the linear precursor concentration from 5.3 mM
(entry 2, Table S10) to 1.6 mM (entry 2, Table S11) led to a
dramatic decrease of dimer impurity formation (from 8.0% to
3.9%) and an increase in UHPLC purity of eptifibatide TFA
(up to 67%).
In conclusion, the identified optimized conditions (eptifiba-

tide linear precursor crude 1.6 mM in H2O/CH3CN 2:1 (v/v),
pH 9.5 (NH4OH), 4 × 0.22 equiv H2O2 additions at 0, 30, 60,
and 90 min) allowed a decrease in reaction time from 22 to 2 h
(Figures 5 and 6).

Scale-up Activities of Oxidation in Solution. The above-
described optimized conditions for disulfide bond formation
were tested on the 10 mmol scale and repeated twice in cGMP
compliant glassware. In particular, a comparative analysis of the
step 3 process (Table 5) shows that the scale-up produced
extremely comparable UHPLC crude purities (5 mmol, 67.4%;
70 mmol, 66.4%) and increased yield (5 mmol, 90.7%; 70
mmol, 98.3%). Moreover, scale-up in process control
demonstrates that dimer impurity formation was limited to
<6% (Figures S12, S13, and Figure 7).
Concerning step 3 scale-up, a specific cGMP compliant

industrial plant was designed both for off-resin disulfide bond
formation and isolation of crude eptifibatide TFA salt by
freeze-drying (Scheme 3). The amount of starting material and
reagents used for pilot disulfide bond formation (step 3) are
reported in Table 6.
A 21 L jacketed glass reactor (RV1233) was thermostated at

20 °C. After loading from the top of the reactor, the
eptifibatide linear precursor crude was solubilized in the
mixture WFI/CH3CN 2:1 (v/v) previously prepared in a 10 L

Table 5. Disulfide Bond Formation Comparative Analysis at
5 mmol vs 70 mmol Scale to Obtain Eptifibatide TFA:
UHPLC crude Purity Profile and Yield

step 3 outputa 70 mmolc 5 mmol

eptifibatide crude UHPLC purity (%) 66.4 67.4
yield (%)b 98.3 90.7

impurities dimer (%) 5.3 5.9
aConditions for disulfide bond formation (70 and 5 mmol):
Eptifibatide linear precursor crude (2.1 mM in H2O:CH3CN 2:1 v/
v) was oxidized adding H2O2, pH 9.5 (NH4OH), 2 h, r.t. b

= ×
×

×

( )
( )

Yield (%) 100
Eptifibotide crude weight

Eptifibotide linear crude weight

peptide contnet
100

peptide content
100

. UV eptifiba-

tide crude average peptide content: 71.0%. UV eptifibatide linear
precursor crude average peptide content: 79.0%. cThe procedure was
repeated five times on the 10 mmol scale on cGMP compliant
glassware.
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Figure 5. In process control of off-resin disulfide bond formation (0.5 mmol scale): RP-UHPLC traces of eptifibatide crude obtained by eptifibatide
linear precursor crude in H2O/CH3CN 2:1 (v/v); 5.3 mM, with two (panel 1; entry 1, Table S10) and four (panel 2; entry 2, Table S10) additions
of H2O2 at different times (A−C) and with pH 9.5, r.t. RP-UHPLC: C18 column Waters Acquity CSH (130 Å, 1.7 μm, 2.1 × 100 mm);
temperature, 45 °C; flow, 0.5 mL/min; eluent, 0.1% (v/v) TFA in H2O (A) and 0.1% (v/v) TFA in CH3CN (B); λ, 215 nm; gradient, 5−95% B in
10 min. Rt = 4.085 ± 0.015 min, eptifibatide TFA; Rt = 4.33 ± 0.01 min, eptifibatide linear precursor; Rt = 4.77 ± 0.015 min, dimer impurity.

Figure 6. In process control of off-resin disulfide bond formation (0.5 mmol scale): RP-UHPLC traces of eptifibatide crude obtained by eptifibatide
linear precursor crude in H2O/CH3CN 2:1 (v/v) at concentrations 1 (2.1 mM) and 2 (1.6 mM), with 4 × 0.22 equiv H2O2 additions at 0, 30, 60,
and 90 min (Table S11); pH 9.5; r.t. RP-UHPLC: C18 column Waters Acquity CSH (130 Å, 1.7 μm, 2.1 × 100 mm); temperature, 45 °C; flow,
0.5 mL/min; eluent, 0.1% (v/v) TFA in H2O (A) and 0.1% (v/v) TFA in CH3CN (B); λ, 215 nm; gradient, 5−95% B in 10 min. Rt = 4.09 ± 0.015
min, eptifibatide TFA; Rt = 4.33 ± 0.01 min, eptifibatide linear precursor; Rt = 4.79 ± 0.015, dimer impurity.
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glass reservoir connected to the head of the reactor by an inert
Teflon tube. The pH was adjusted to 9.5 adding dropwise

NH4OH (0.25 M in H2O) and monitoring by a pHmeter
inside the reactor (AIT1233).
The reaction mixture was recovered from the bottom of the

reactor and transferred to steel plates into the freeze-dryer after
monitoring the complete conversion by IPC via RP-UHPLC.
Lyophilization consisted of three phases: reaction mixture
freezing (P atm, −60 °C), freeze-drying (0.9 mbar, −60 °C to
r.t.), and room temperature drying (0.9 mbar, r.t.). The
process continued until water content and residual solvents
satisfied critical quality attributes (Table S6).

Step 4. Purification of Crude Eptifibatide: Flash
Column Chromatography. RP-UHPLC ESI-MS analysis
of crude eptifibatide TFA salt, obtained by off-resin disulfide

Figure 7. RP-UHPLC trace of eptifibatide TFA (step 3 at 70 mmol scale). Rt = 23.2 min, eptifibatide TFA; Rt = 27.7 min, dimer impurity
(procedure S3).

Scheme 3. Industrial Plant Scheme Designed for off-Resin Disulfide Bond Formation to Obtain Crude Eptifibatide TFA Salt
(Table S9)

Table 6. Starting Material and Reagents Used for Disulfide
Bond Formation (Step 3)

chemical vol (mL) amount (g)

eptifibatide linear precursor crude 10.0
CH3CN 1500.0 1173.0
H2O low endotoxins 3485.0 3485.0
NH4OH 0.5 0.45
H2O2 3 × 0.2 3 × 0.3
formic acid 15.0 18.3
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bond formation in step 3 (Figures S13 and Figure 7), shown
on both 5 and 70 mmol scale that the main impurity (5.3% and
5.9%, respectively) was in agreement with the formation of
dimers (Table 5). A careful investigation of purification
conditions by medium pressure chromatography was per-
formed. In particular, flash reverse-phase chromatography
(RPC) was selected as a versatile technology based on an
automatic, low-cost, easy-handling purification both for
laboratory and pilot scales, such as Isolera One (Biotage,
Uppsala, Sweden) equipped with the HP-Sphere C18 column
characterized by 25 μm spherical silica particles.41,42

The goal was to obtain eptifibatide TFA purity at >98.5%,
limiting both eluents consumption and the volume of eluted
fractions to freeze-dry. Several parameters were considered:
flow rate, eluents composition, column performance, and
column cleaning procedure. Moreover, elution mode (linear or
step gradient), column loading, and volume to be lyophilized
after pooling homogeneous fractions were evaluated. Linear
gradient is characterized by an automated gradual increase of
strong solvent percentage over time, ensuring result reprodu-
cibility and minimizing the possibility of error. Compared to
the step gradient method, no elution band broadening occurs.
Consequently, fraction volumes to be lyophilized and related
costs are decreased.
Starting from 5% eptifibatide TFA crude column loading,

two linear gradients were tested: 5−30% (v/v) B in A vs 10−
37% (v/v) B in A, both eluted in 12 column volumes (A, 0.1%
(v/v) TFA in H2O; B, 0.1% (v/v) TFA in CH3CN). While a
5−30% (v/v) B in A linear gradient required 0.8 L of B and 2.4
L of A (Figure S14), the 10−37% (v/v) linear gradient
required a slightly lower amount of eluents (0.7 L B and 2.2 L
A, Figure S15). On the other hand, yield increased from 24.7%
to 34.3% producing the same eluted volume (165 mL, Table
7). We demonstrated that crude loading should be maintained
<5% to achieve the highest purity and recovery yield. Despite
8% loading requiring a lower number of purification batches,
lower yield was observed (Table 7, 18.1% yield, Figure S16).

Fractions containing eptifibatide TFA with 90−98.5% purity
(recovery) were collected for further purification to reach the
required purity, increasing the final yield (data not shown).

Scale-up Activities of the Flash Column Chromatography
Purification. Purification experimental conditions of eptifiba-
tide TFA salt (linear gradient 10−37% (v/v) B in A in 12
column volumes (A, 0.1% (v/v) TFA in H2O; B, 0.1% (v/v)
TFA in CH3CN; crude loading ≤ 5%) were successfully
confirmed at 5 mmol and scaled-up to 10 mmol scale to be
repeated five times on cGMP compliant equipment (HPLC
purity 5 mmol, 99.2%; 70 mmol, 99.3%; yield 5 mmol, 40.5%;
70 mmol, 41.6%). All the impurities identified in previous steps
were observed to be <0.5% after flash column chromatography
purification (Table 8, Figure 8, and Figures S17−S19), in
agreement with ANDA requirements for eptifibatide, obtained
following the cGMP process described herein.

Step 5. Counterion Exchange to Obtain Eptifibatide
Acetate Salt. Eptifibatide commercialized under the trade
name INTEGRILIN has been approved by the FDA as an
acetate salt.43 Considering that resin cleavage, side-chain
deprotection, quenching of the reaction to form a disulfide
bond, and final purification, performed in steps 2−4, required
the use of harmful trifluoroacetic acid (pKa = 0), complete
counterion exchange of TFA with an acetate anion (pKa = 4.5)
was necessary. Therefore, we performed an SPE on the same
equipment used for step 4 (Biotage Isolera, Uppsala, Sweden).
In particular, eptifibatide TFA salt presents a charge-to-charge
interaction between the carboxylate in TFA and the cation on
the homoarginine side chain, the guanidinium group with a
pKa ca. 12.5. However, at pH >8, degradation of the disulfide
bond in the drug was observed as previously described.44

Therefore, the solution of purified eptifibatide TFA salt
(output of step 4) in pure H2O (2.6 mM) at r.t. was adjusted
at pH 8 adding an NH4OH solution (1.5% (v/v) in H2O).
Under these conditions, the peptide was completely soluble,
and the resulting disulfide bond was stable (data not shown).
Thus, the mixture was loaded on a C18 column. Two isocratic
elutions, consisting of (a) 100% H2O (3 column volumes) and
(b) 100% of 0.5% (v/v) AcOH in H2O (3 column volumes),

Table 7. Recovery, Yield, and Eluate Volume from
Eptifibatide TFA Flash Column Chromatography
Purification (Step 4)

entry

gradient
B in
A,a %

column
loading, %

purity
range, % recovery, g yield,b %

eluate,
mL

1 5−30 5 >98.5 1.3 24.7 165
95−98 1.0 180
90−92 1.3 405

2 10−37 5 >98.5 1.8 34.3 165
95−98 0.8 150
90−92 0.523 300

3 10−37 8 >98.5 1.45 18.1 150
95−98 1.23 195
90−92 1.24 390

aFlash column chromatography conditions: eptifibatide TFA crude
was purified with Biotage Isolera One equipped with a SNAP Ultra
C18 120g column (volume 164 mL). Eluents: 0.1% (v/v) TFA in
H2O (A), 0.1% (v/v) TFA in CH3CN (B); 12 column volumes linear
g r a d i e n t s ; flow r a t e , 5 0 mL/m in ; λ , 2 1 5 nm . b

= ×
×

×

( )
( )

Yield (%) 100
Eptifibatide purified weight

Eptifibatide crude weight

peptide content
100

peptide content
100

. UV Eptifibatide

TFA average peptide content: 85%. UV Eptifibatide TFA crude
average peptide content: 71%.

Table 8. Flash Column Chromatography Purification
Comparative Analysis at 5 mmol vs 70 mmol Scale, to
Obtain Eptifibatide TFA: HPLC Purity Profile and Yield

step 4 outputa 70 mmolc 5 mmol

eptifibatide TFA HPLC purity (%) 99.3 99.2
yieldb (%) 41.6 40.5

impurities Imp a (%) <0.1 <0.1
Imp b (%) <0.1 <0.1
Des-Har2-eptifibatide (%) <0.1 <0.1
dimer (%) <0.1 <0.1
unknown (%) <0.5 <0.5

aFlash column chromatography conditions: eptifibatide TFA crude
was dissolved in H2O/CH3CN 1:1(v/v) 0.35M. Column loading: 4%
(5 mmol), 2.5% (70 mmol). Eluents: 0.1% (v/v) TFA in H2O (A)
and 0.1% (v/v) TFA in CH3CN (B). Gradient: 10−37% (v/v) B in A
l i n e a r g r a d i e n t i n 1 2 c o l u m n v o l u m e s . b

= ×
×

×

( )
( )

Yield (%) 100
Eptifibatide purified weight

Eptifibatide crude weight

peptide content
100

peptide content
100

. UV peptide

content of purified eptifibatide, 85%; UV peptide content of
eptifibatide crude, 71%. cThe procedure was repeated five times on
the 10 mmol scale on cGMP compliant equipment.
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completely removed ammonium trifluoroacetate salt. Finally,
the desired eptifibatide acetate solution was eluted with 0.5%
(v/v) AcOH in 4:1 H2O/CH3CN (v/v); three column
volumes. The resulting homogeneous fractions were pooled
and freeze-dried to recover eptifibatide acetate.
Scale-up Activities of the Ion Exchange Step. The above-

described TFA/acetate counterion exchange strategy was
successfully scaled-up from 5 to 70 mmol scale (10 mmol
scale repeated 5 times on cGMP compliant equipment)
obtaining exactly the same 99.6% HPLC purity and slightly
increased yield (5 mmol, 64.6%; 70 mmol, 65.8%, Table 9,

Figure S20, and Figure 9). Since TFA residual content is
considered a critical quality attribute (CQA) affecting the
safety of preclinical and clinical applications, the above-
described TFA/acetate exchange procedure was evaluated for
its TFA residual content that was demonstrated to be
significantly below the cGMP specification limit (5000 ppm).
Moreover, acetate content resulted in a 4−10% specification
range (Table 9).

Considering the yield of each step (steps 1−5; Tables 3, 5, 8,
and 9), the final total yield of the eptifibatide acetate for the
entire production process is 22.1%. All the listed quality
attributes (Table 10) that are in agreement with the targets
established in module 3 of the Common Technical Document
for the Registration of Pharmaceuticals for Human Use (ICH
M4: Common Technical Document) demonstrate that the
above-described production process of eptifibatide acetate
allows the release of the final cGMP compliant batch.
Quality attributes of process intermediates and a list of the

equipment used to obtain cGMP compliant eptifibatide are
summarized in Table S6 and Table 10. This information is
required by regulatory agencies to validate the process and
qualify the pilot scale plant above-described, to produce cGMP
compliant eptifibatide acetate. This is, to the best of our
knowledge, the first proof-of-concept of a cGMP compliant
generic peptide drug synthesized by a MW-assisted solid-phase
synthesizer, on the 70 mmol scale.

■ CONCLUSIONS

The successful transfer of the lab-scale process (5 mmol) to 70
mmol scale demonstrated the assessment of the quality risk
management followed to establish an appropriate controlled
manufacturing process of the cGMP eptifibatide acetate pilot
batch. Critical attributes that were within CQA limits allowed
the batch release of cGMP eptifibatide acetate to receive
regulatory agencies’ approval (Table 10). The key benefits of
the new automated multigram-scale microwave solid-phase
peptide synthesizer resulted in rapid production times and the
ability to incorporate green chemistry protocols based on MW-
SPPS improving peptide purity and minimizing excess
reagents. The pilot plant equipped with this technology was
qualified by F.I.S.−Fabbrica Italiana Sintetici S.p.A. for cGMP
peptide production.
Our results definitely demonstrate that the strong collabo-

ration between an academic facility and a contract develop-
ment manufacturing organization, for small molecule APIs and
intermediate industrial GMP production, is a powerful example
of a joint laboratory satisfying the needs of a market entry
strategy into peptide API production.

Figure 8. RP-HPLC trace of pure eptifibatide TFA (step 4 at 70 mmol scale). Rt = 22.1 min, pure eptifibatide TFA (procedure S3).

Table 9. Ion Exchange Comparative Analysis at 5 mmol vs
70 mmol Scale, to Obtain Eptifibatide Acetate: HPLC
Crude Purity Profile and Yield

step 5a output 70 mmolc 5 mmol

eptifibatide HPLC purity (%) 99.6 99.6
yieldb(%) 65.8 64.6

counter Ion acetate (% w/w) 3.9 4.6
TFA (ppm) 230 335

aIon exchange conditions: purified eptifibatide TFA was dissolved in
H2O (2.6 mM), column loading 0.8%, pH 8.0 (NH4OH). Eluents:
0.5% (v/v) AcOH in H2O (A), 0.5% (v/v) AcOH in CH3CN (B),
H2O (C), and CH3CN (D). Elution: a) 100% C, 3 column volumes;
b) 100% A, 3 column volumes; c) 20% B in A, 3 column volumes; d)
1 0 0 % D , 2 c o l u m n v o l u m e s . b

= ×
×

×

( )
( )

Yield (%) 100
eptifibatide acetate weight

eptifibatide purified TFA weight

peptide content
100

peptide content
100

. UV eptifiba-

tide acetate peptide content: 87%. UV eptifibatide purified TFA
peptide content: 85%. cThe procedure was repeated seven times at 10
mmol scale on cGMP compliant equipment.
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■ EXPERIMENTAL SECTION

Materials. Peptide grade N,N-dimethylformamide (DMF),
all Fmoc-protected amino acids (Fmoc-Gly-OH, Fmoc-Har-
(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Pro-OH), aand 3-mercaptopro-
pionic acid (MPA) were purchased from Sigma-Aldrich
(Milan, Italy). Rink Amide AM resin was purchased from
Sunresin New Materials Co. Ltd., Xi’ AN (Shaanxi, China).
Activators N,N′-diisopropylcarbodiimide (DIC) and Oxima

pure were purchased from Sigma-Aldrich (Milan, Italy).
Trifluoroacetic acid (TFA), triisopropyl silane (TIS), 2,2′-
(ethylenedioxy)diethanethiol (DODT), N,N-diisopropylethyl-
amine (DIPEA), diisopropyl ether (iPr2O), diethyl ether
(Et2O), 2-methoxy-2-methylpropane (MTBE), methoxycyclo-
pentane (CPME), 2-propanol, dichloromethane (DCM),
acetic acid (99−100%), and HPLC-grade H2O were purchased
from Sigma-Aldrich (Milan, Italy). HPLC-grade acetonitrile
(CH3CN) was purchased from Carlo Erba (Milan, Italy).
Preparation of Eptifibatide Linear Precursor by

Fmoc/tBu MW-SPPS. The fully protected eptifibatide linear
precursor MPA(Trt)-Har(Pbf)-Gly-Asp(OtBu)-Trp(Boc)-
Pro-Cys(Trt)-Rink Amide AM resin was obtained starting
from Rink Amide AM resin (loading 0.93 mmol/g, 5.4 g, 5
mmol). Sequence elongation was performed on a microwave-
assisted solid-phase peptide synthesizer (Liberty Blue, CEM,
Matthews, NC, U.S.A.) following the Fmoc/tBu strategy.
Reaction temperatures were monitored by an internal fiber-
optic sensor. Both deprotection and coupling reactions were

performed in a Teflon vessel applying microwave energy under
nitrogen bubbling. After the first Fmoc-deprotection, the
following orthogonally protected amino acids were added from
C- to N-terminal: Fmoc-Cys(Trt)-OH, Fmoc-Pro-OH, Fmoc-
Trp(Boc)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-
Har(Pbf)-OH, and MPA(Trt)-OH, in the presence of the
coupling reagents DIC and Oxyma Pure. The Fmoc/tBu MW-
SPPS cycle consisted of (1) swelling in DMF (50 mL) for 30
min; (2) Fmoc-deprotection by 30% (v/v) piperidine/DMF
(40 equiv, 66 mL); (3) washings with DMF (3 × 50 mL); (4)
coupling of Fmoc-protected amino acids (2.5 equiv, 0.4 M in
DMF), Oxyma pure (2.5 equiv, 1 M in DMF), and DIC (2.5
equiv, 3 M in DMF); and (5) washings with DMF (3 × 50
mL). Peptide elongation was performed by repeating the MW-
SPPS cycle for each amino acid. Both deprotection and
coupling reactions were performed reaching 90 °C except 55
°C for cysteine coupling.
After all amino acids were coupled, the resin was filtered,

washed with DMF (3 × 50 mL) and 2-propanol (3 × 50 mL),
and dried under a vacuum to obtain 15.2 g of MPA(Trt)-
Har(Pbf)-Gly-Asp(OtBu)-Trp(Boc)-Pro-Cys(Trt)-Rink
Amide AM resin.

In Process Control (IPC) Monitoring of the Solid-
Phase Reaction Progress. A sample of peptide-resin (25
mg) was washed with DMF (3 × 3 mL) and DCM (3 × 3 mL)
and dried under vacuum. Peptide cleavage from the resin and
concomitant deprotection of the acid sensitive amino-acid side
chains were carried out with the cocktail TFA/TIS/H2O (1
mL, 96:2:2 (v/v/v/v)). The mixture was maintained for 30

Figure 9. RP-HPLC trace of eptifibatide acetate (step 5 at 70 mmol scale). Top: full chromatogram. Bottom: zoom 21−27 min. Rt = 23.0 min:
eptifibatide acetate (procedure S3).
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min at 38 °C under magnetic stirring. The resin was washed
with TFA (1 mL) and filtered. The crude product was
precipitated with ice-cold Et2O (4 mL), collected after
centrifugation, dissolved in H2O (1 mL), freeze-dried by a
LIO5P DGT lyophilizer (5 Pascal), and analyzed by RP-
UHPLC-MS on a Thermo Scientific Ultimate 3000 equipped
with a variable wavelength detector and a Thermo Scientific-
MSQ PLUS, using a C18 Waters Acquity CSH (130 Å, 1.7 μm,
2.1 × 100 mm; temperature, 45 °C; flow, 0.5 mL/min; eluents,
0.1% (v/v) TFA in H2O (A) and 0.1% (v/v) TFA in CH3CN
(B); λ, 215 nm).15

Cleavage Step. The cleavage, with concomitant depro-
tection of acid sensitive amino-acid side chains was performed
by treating MPA(Trt)-Har(Pbf)-Gly-Asp(OtBu)-Trp(Boc)-
Pro-Cys(Trt)-Rink Amide AM resin (15.2 g, 5 mmol) with
the cocktail TFA/TIS/H2O/DODT 107 mL, 72:7:7:14 (v/v/
v/v) for 30 min at room temperature under mechanical stirring
(150 rpm). Then, the mixture was diluted with TFA (230 mL)

and stirred mechanically for 2.5 h. The resin was filtered and
rinsed with fresh TFA (3 × 30 mL). The cleavage reaction
mixture was transferred into a clean round-bottom flask, and
the peptide was precipitated by the addition of ice-cold iPr2O
(1216 mL) in 30 min, keeping the temperature below 35 °C.
The suspension was stirred for 1 h at 0 °C. The solid crude was
filtered, washed with ice-cold iPr2O (4 × 150 mL), and dried
under vacuum. Characterization of the filtered eptifibatide
TFA linear precursor crude was performed by analytical RP-
HPLC-ESI-MS (Procedures S1, S2, and S4).
The eptifibatide TFA linear precursor crude (5.137 g, 5

mmol) showed 74.1% RP-UHPLC purity (yield 84.6%), Rt 4.3
min, ESI-MS (m/z): [M + H]+ 834.4 (found), 834.9 (calcd;
Figures S3 and S8).

Optimized Procedure for off-Resin Disulfide Bond
Formation. Eptifibatide TFA linear precursor crude (2.5 g,
2.44 mmol, UHPLC purity 74.1%) was introduced in a 2 L
round-bottom flask, dissolved in H2O/CH3CN (1:1 (v/v), 750
mL) solution, and maintained under stirring. After 15 min,
H2O (500 mL) was added to the reaction mixture to obtain a
final concentration of 5.3 mM. The initial pH of 2.5 was
adjusted to 9.5, adding 7.5% NH4OH (v/v) in H2O; 5.0 mL.
The first aliquot of H2O2 (0.05 mL, 0.22 equiv) was added,
and the reaction mixture was stirred for 30 min at r.t. Then,
HPLC in process control (IPC) was performed to monitor the
disulfide bond formation (procedure S6). This addition was
repeated every 30 min until complete oxidation. A total of four
additions in 2 h was necessary to complete the disulfide bond
formation. The reaction was quenched adding TFA 99.9% (v/
v); 5 mL, adjusting pH to 2.5. Then, the reaction mixture was
lyophilized without further evaporation.
The recovered crude was characterized by analytical RP-

UHPLC-ESI-MS (procedures S2, S3, and S4). Crude
eptifibatide TFA salt (5.2 g, yield 90.7%) showed 67.4%
UHPLC purity, Rt = 4.1 min; ESI-MS (m/z): [M + H]+ 832.5
(found); 831.96 (calcd) (Figures S11 and S13).

Flash Column Chromatography Purification Proce-
dure. Obtained crude eptifibatide TFA salt (4.90 g, 5.2 mmol,
UHPLC purity 67.4%), dissolved in H2O/CH3CN (1:1 (v/v),
15 mL), was loaded on a SNAP Ultra C18 120g column
(Biotage Isolera One, Uppsala, Sweden). Eluents: 0.1% (v/v)
TFA in H2O (A), 0.1% (v/v) TFA in CH3CN (B). Flow rate:
25 mL/min. λ, 215 nm. Elution method: (a) 100% (v/v) A, 5
column volumes, (b) 10−37% (v/v) B in A gradient, 12
column volumes, (c) 100% (v/v) B, two column volumes.
Fractions of 18 mL volume were collected and analyzed by RP-
UHPLC-ESI-MS (Procedures S2, S3, and S4). Fractions
corresponding to Rt = 4.1 min and UHPLC purity >98.5%
were collected, obtaining a total volume of 198 mL that was
lyophilized.
Eptifibatide TFA salt (1.69 g, yield 40.5%) was characterized

by 99.2% UHPLC purity, Rt = 4.1 min (Figure S19). ESI-MS
(m/z): [M + H]+ 832.5 (found); 831.96 (calcd).

Exchange Strategy. Purified eptifibatide TFA salt (4.74 g,
5.0 mmol, UHPLC purity 99.2%) was introduced into a 3 L
round-bottom flask and dissolved with pure H2O (1923 mL,
2.6 mM), and the pH was adjusted to 8 with 1.5% NH4OH (v/
v); 9.6 mL under mechanical stirring (150 rpm). The solution
was loaded on a SNAP Ultra C18 120 g column (Biotage
Isolera One, Uppsala, Sweden). Eluents: 0.5% (v/v) AcOH in
H2O (A), 0.5% (v/v) AcOH in CH3CN (B). Elution method:
(a) 100% (v/v) H2O, three column volumes; (b) 100% (v/v)
A, three column volumes; (c) 20% (v/v) B in A, three column

Table 10. Eptifibatide Acetate Quality Attributes for cGMP
Compliant Batch Release

intermediate/
step quality attribute

output
found target

eptifibatide
acetate step 5

appearance white
powder

white to pink
white powder

HPLC identitya compliant standard-
compliant Rt

HPLC puritya 99.6% ≥98.5%
HPLC assaya 91.2% (w/

w)
n.a. reference
value

HPLC total
impuritiesa

0.4% <1.5%

HPLC single largest
impuritya

0.1% <0.5%

weight 2 g 1−4 g
water contentb 6.6% (w/w) <10%
acetonitrile contentc 105 ppm <410 ppm
TFA contentd 230 ppm 5000 ppm
acetate contentd 3.9% <10%
[α]D

20e −85.0° −94.0 to −79.0°
MS identificationf compliant [M + H]+ 832.3f

bacterial
endotoxinsg

<1.25
EU/mg

<20 ppm

Cdh <0.25 ppm <2 ppm
Coh <0.25 ppm <2 ppm
Ash <1 ppm <10 ppm
Sbh <1 ppm <20 ppm
Nih <0.5% <20 ppm
Cuh 15 ppm <20 ppm
Vh <1 ppm <10 ppm
Lih <0.25 ppm <20 ppm
Hgh 2 ppm <2 ppm

aHPLC analytical methods are described in the Supporting
Information (procedures S2, S3, and S5). bWater content was
quantified by Karl Fisher volumetric titration (USP 921, EP 2.5.12).
cAcetonitrile content was quantified by headspace gas-chromatog-
raphy (HS-GC); analytical method is described in the Supporting
Information (procedure S7). dIon exchange chromatography (IC);
the analytical method is described in the Supporting Information
(procedure S8). eSpecific optical rotation [α]D

20 (USP 781, EP 2.2.7).
fMass found detected by ESI-MS; the analytical method is described
in the Supporting Information (procedure S4). gBacterial endotoxins
were quantified by microbiological tests (USP 85, EP 2.6.14). hHeavy
metals were quantified by inductively coupled plasma mass spectros-
copy (ICP-MS, ICH Q3D; USP232, 233, 730; EP 2.4.20).
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volumes; (d) 100% (v/v) CH3CN, two column volumes. Flow
rate: 50 mL/min; λ, 215 nm. Fractions of 20 mL volume were
collected and analyzed by RP-UHPLC-ESI-MS (procedures
S2, S3, and S4). Fractions corresponding to Rt = 4.0 min and
UHPLC purity >98.5% were collected, obtaining a total
volume of 60 mL that was lyophilized.
Obtained eptifibatide acetate was analyzed by RP-UHPLC-

ESI-MS (procedure S2, S3, S4, and S5). TFA and acetate
content were quantified by ion exchange chromatography
(procedure S8).
Eptifibatide acetate (2.99 g, yield 64.6%) characterized by

99.6% UHPLC purity, Rt = 4.0 min (Figure S20). ESI-MS (m/
z): [M + H]+ 832.5 (found); 831.96 (calcd). TFA residual
content, 335 ppm; acetate content, 4.6% (w/w).
Overview of Eptifibatide Acetate cGMP Production at

70 mmol Scale. The procedures optimized for each step on a
5 mmol scale (steps 1−5) were scaled up to the pilot scale (70
mmol). MPA(Trt)-Har(Pbf)-Gly-Asp(OtBu)-Trp(Boc)-Pro-
Cys(Trt)-Rink Amide AM resin was produced in a multi-
gram-scale cGMP qualified MW-assisted solid-phase peptide
synthesizer (Liberty Blue, CEM, Matthews, NC, U.S.A.),
obtaining 196 g in a single batch. Cleavage from the resin was
performed in a single batch, obtaining 51 g of eptifibatide TFA
linear precursor crude showing 73.7% of HPLC purity (yield =
82.2%). A disulfide bond in the eptifibatide TFA linear
precursor crude was formed in 5 × 10 g batch, obtaining 50 g
total of eptifibatide TFA crude with a purity of 66.4% (yield =
98.3%). Eptifibatide TFA crude was purified by flash
chromatography in five batches. Fractions with HPLC purity
>98.5% (Rt = 23.0 min, Table S12) obtained after purification
of each batch were collected, leading to 4 g/batch of pure
eptifibatide TFA (99.2% HPLC purity, yield = 41.6%). Each
batch of pure eptifibatide TFA salt (4 g) was treated as
described in the above-described “exchange strategy” obtaining
2 g/batch of the eptifibatide acetate active pharmaceutical
ingredient (API) with a purity of 99.6% (yield = 65.8%). The
total yield of the eptifibatide acetate cGMP production process
was 22.1%.
Glassware was cleaned following the standard operating

procedures (SOP) before and after the manufacturing
operations. Moreover, all the personnel involved in the
cGMP process was adequately trained in technical operations,
safety behavior, personal hygiene, and technical clothing in
accordance with the cGMP requirements. The construction
criteria of the pilot-scale facility followed the cGMP structural
requirements (e.g., air-lock, system air shower, etc.).
Monitoring of microbial contamination was duly scheduled
as well as facility sanitizations.
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