
R E S E A R CH A R T I C L E

Optimization of peptide synthesis time and sustainability using
novel eco-friendly binary solvent systems with induction
heating on an automated peptide synthesizer

Lorenzo Pacini1,2 | Manoj Muthyala3 | Luisa Aguiar3 |

Robert Zitterbart3 | Paolo Rovero2,4 | Anna Maria Papini1,2

1Interdepartmental Research Unit of Peptide

and Protein Chemistry and Biology - Peptlab,

MoD&LS Laboratory, University of Florence,

Sesto Fiorentino, Italy

2Department of Chemistry “Ugo Schiff”,
University of Florence, Sesto Fiorentino, Italy

3Gyros Protein Technologies Inc., Tucson,

Arizona, USA

4Department of Neurosciences, Psychology,

Drug Research and Child Health, Section of

Pharmaceutical Sciences and Nutraceutics,

University of Florence, Sesto Fiorentino, Italy

Correspondence

Anna Maria Papini, Interdepartmental

Research Unit of Peptide and Protein

Chemistry and Biology - Peptlab, MoD&LS

Laboratory, University of Florence, 50019

Sesto Fiorentino, Italy.

Email: annamaria.papini@unifi.it

Funding information

MUR/EU-FSE; TT-Pep Well-being Research

Incubator Project

On December 12th, 2023, the European Commission took regulatory action to

amend Annex XVII of REACH, imposing restrictions on the use of N,N-

dimethylformamide (DMF) within the EU market owing to its high toxicity. Histori-

cally, DMF has been widely considered the gold standard for solid-phase peptide syn-

thesis (SPPS). Being urgent to propose alternative solvents, we tested the suitability

of non-hazardous neat and mixed solvents. Notably, binary solvent mixtures contain-

ing dimethyl sulfoxide as one of the solvent partners demonstrated high efficacy in

solubilizing reagents while maintaining the desired swelling characteristics of com-

mon resins. A series of binary solvent mixtures were tested in automated SPPS, both

at room temperature and high temperature, employing the PurePep® Chorus synthe-

sizer, which enabled controlled induction heating between 25 and 90�C with oscilla-

tion mixing. The performances were assessed in challenging peptide sequences,

i.e., ACP (65–74), and in longer and aggregating sequences like SARS-CoV-2 RBM

(436–507) and β-amyloid (1–42). Furthermore, as part of the proposed sustainable

approach to minimize the utilization of hazardous solvents, we coupled the novel

PurePep EasyClean catch-and-release purification technology. This work, addressing

regulatory compliance, emphasizes the crucial role of green chemistry in advancing

safer and more environmentally friendly practices in SPPS.
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1 | INTRODUCTION

Peptides, due to their diverse properties, find multifaceted applica-

tions, ranging from pivotal roles in pharmaceuticals to essential func-

tions in cosmetic chemistry, diagnostics, and biomaterials.1-6 The

burgeoning interest in peptides has intensified in recent years, as

advancements in both biological and chemical manufacturing methods

have rendered their production increasingly accessible.7,8 Traditional

approaches to obtaining pure peptides have relied on solid-phase

peptide synthesis (SPPS) and reversed-phase high-pressure liquid

chromatography (RP-HPLC).9 SPPS requires the use of toxic organic

solvents such as N,N-dimethylformamide (DMF), N-methylpyrrolidone

(NMP), and dichloromethane (DCM), which pose environmental and

health hazards. RP-HPLC generates a large amount of waste, which

increases the cost and environmental impact of peptide production.10

DMF has long been the solvent of choice in SPPS due to its

unique properties. Its polarity allows for the solubilization of reagents

such as Fmoc-amino acids and coupling activators, and it facilitates an
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optimal rate for amide bond formation and Fmoc removal. DMF boil-

ing point (153�C) allows for the safe heating of reactions, and its vis-

cosity, slightly higher than water, allows for excellent permeation

through the polymeric matrix of resins and efficient handling in auto-

mated synthesizers. However, the European Commission's decision to

impose restrictions on DMF starting from December 12th, 2023, has

accelerated the search for alternatives. Recent scientific literature

suggests that DMF can be replaced with less harmful solvents such as

acetonitrile (ACN),11 2-methyltetrahydrofuran (2-MeTHF),12 ethyl

acetate (EtOAc),13 γ-valerolactone (GVL),14 N-butyl pyrrolidone

(NBP),15 and Rhodiasolv Polarclean.16 However, these solvents have

specific drawbacks. For instance, the high viscosity of NBP may inter-

fere with its proper delivery in automated systems, and GVL has been

observed to induce ring-opening acylation of glycine residues.

Researchers have investigated various binary solvent mixtures to

mitigate the drawbacks of individual solvents. Green binary solvent mix-

tures such as cyrene (dihydrolevoglucosenone), sulfolane, or anisole

with dimethyl carbonate,17 dimethyl sulfoxide (DMSO)/(EtOAc),18

DMSO/1,3-dioxolane (DOL), DMSO/2-Me-THF,19 anisole/ethanol

(EtOH)20 have been explored. Novo Nordisk and Bachem extensively

studied binary mixtures, fine-tuning viscosity, and polarity to achieve

comparable outcomes to DMF.21 However, none of the reports

explores the use of binary solvent mixtures for SPPS at higher tempera-

tures up to 90�C, which can enhance reaction rates and enable the syn-

thesis of peptides that are difficult or impossible to synthesize at lower/

milder temperatures. This study aims to fill this gap by exploring the

potential of binary solvent mixtures at high temperatures, aiming to

enhance reaction rates and enable the synthesis of challenging pep-

tides. Moreover, a higher boiling point of a green mixture results in bet-

ter usability in long-lasting room-temperature syntheses, low-boiling

point mixtures might evaporate, causing the precipitation of reagents.

Considering that innovation in R&D brings more and more

peptide-based products into the market, greening the whole process

of peptide production is an open but compulsory challenge in 21st

century. Thus, it is essential to consider not only the synthetic aspects

of peptide active ingredients but also the purification steps in a holis-

tic approach.

In particular, the most commonly used purification technology for

synthetic peptides is nowadays RP-HPLC,22 even though RP-HPLC

generates a significant amount of solvent waste, which not only ele-

vates costs but also has a substantial environmental impact. In the

pursuit of a more sustainable approach, we explored the novel catch-

and-release purification technology known as PurePep EasyClean

(PEC®). The PEC® technology uses a novel reductively cleavable linker

molecule and an activated filter material for the purification and modi-

fication of chemically synthesized peptides.23 This technology aims to

minimize the utilization and disposal of hazardous solvents, as well as

the time consumption of the purification process. Our exploration of

PEC in this context represents an effort to green the entire process,

from upstream synthesis to downstream purification, thereby reduc-

ing the environmental impact and potentially improving the efficiency

and cost-effectiveness of peptide production, proposing an efficient

and fast synthetic strategy.

2 | MATERIALS AND METHODS

2.1 | Materials

Fmoc-amino acids and Oxyma Pure were provided directly by Gyros

Protein Technologies (Tucson, AZ, USA); N,N0-diisopropylcarbodiimide

was purchased from Carbosolution Chemicals GmbH (St. Ingbert,

Germany); DMF, ethyl acetate, propyl acetate, butyl acetate, dimethyl

sulfoxide, acetic anhydride, pyridine, anisole, and triisopropylsilane were

purchased from Carl Roth GmbH (Karlsruhe, Germany); piperidine, tri-

fluoroacetic acid, and Rink amide AM resin (0.64 mmol/g) were pur-

chased from Iris Biotech GmbH (Marktredwitz, Germany); Rink amide

AM Tentagel S and R resins (respectively 0.22 mmol/g and 0.19 mmol/

g) were purchased from Rapp Polymere (Tuebingen, Germany).

2.2 | Solubility tests

2.2.1 | For Fmoc-amino acid

After volumetric calibration of a 5 ml plastic tube, 0.4 mmol of each

Fmoc-amino acid was weighed, and the tested solvent was added up

to 1 ml. The mixture was stirred at r.t. for 30 minutes. Only if the

Fmoc-amino acid was not yet solubilized, we increased the volume of

the solvent in order to check, progressively, solubility at 0.3 M, 0.2 M,

and 0.1 M concentrations.

2.2.2 | For coupling reagents

After volumetric calibration of a 15 ml plastic tube, 1 mmol of each

coupling reagent was weighed, and the tested solvent was added up

to 1 ml. The mixture was stirred at r.t. for 30 minutes. Only if the

reagent was not still solubilized, we increased the volume of the sol-

vent in order to check, progressively, solubility at 0.5 M, 0.25 M, and

0.1 M concentrations.

2.3 | Swelling test

Of each resin, 100 mg was weighed into a 3 ml calibrated syringe

equipped with a porous filter. Thereafter, 1 ml of each evaluated sol-

vent was added, and the slurry was shaken at r.t. for 2 and 24 hours.

At both sampling times, the solvent was removed from the syringe by

vacuum, and the resin volume was recorded. The degree of swelling

was calculated as 10 � the measured volume.

2.4 | Solid-phase peptide synthesis

All syntheses were performed on the PurePep® Chorus (Tucson, AZ,

USA) peptide synthesizer using parallel synthesis mode, both with the

assistance of induction heating and at r.t. For 100 μmol scale
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syntheses, we weighed respectively 156 mg of Rink amide AM PS

resin, 455 mg of Tentagel S RAM resin, and 526 mg of Tentagel R

RAM resin. Fmoc-amino acids were solubilized in the tested mixture

or in DMF using an ultrasonic bath. The solvents were freshly pre-

pared and transferred to the appropriate bottles corresponding to

separate lines on the machine. After the end of the synthesis, the

loaded resins were washed with isopropyl alcohol and dried under

vacuum. Before starting each synthesis with different solvents, a full

calibration was done through the specific feature on the instrument,

making sure that the correct volume of solvent was delivered.

2.5 | Test cleavage

A tip of a spatula (2–4 mg) of dry-loaded resin was transferred into a

500 μl plastic tube, and 100 μl TFA, 5 μl TIS, and 5 μl H2O were

added. After 1.5 hours of mechanical mixing, the suspension was fil-

tered, and cold diethyl ether (�20�C) was added to the peptide TFA

solution. The precipitated peptide was isolated by centrifugation and

dried under vacuum. After solubilization in water, crude peptides were

analyzed by RP-UPLC coupled with ESI-MS.

2.6 | Solvent evaporation test

Test of BuOAc/DMSO 7:3 (v/v) vs EtOAc/DMSO 6:4 (v/v) in tubes

with not-screwed caps. In two 50-ml centrifuge tubes, 30 ml of

BuOAc/DMSO 7:3, and EtOAc/DMSO 6:4 were added, and the filled

tubes were weighed. In parallel, a 15-ml tube was filled with 10 ml

DMF and left to stand openly for 26 days, recording volume and

weight differences.

2.7 | Racemization study

We synthesized on a PurePep® Chorus (Tucson, AZ, USA) peptide

synthesizer two model peptides belonging to the ABC 20-mer

sequence, Fmoc-ECNRADG-NH2, and Fmoc-EHEQCCNRADG-NH2,

for the evaluation of cysteine and histidine couplings, respectively.

The common fragment (NRADG-NH2) was synthesized on a Rink

Amide AM resin (0.64 mmol/g) at 200 μmol scale; then the resin was

split into two parts and syntheses were completed separately. The

general synthetic strategy used for these two syntheses consisted of

the use of 5/5/10 equivalents of the coupling system Fmoc-amino

acid/HATU/DiPEA in DMF for 40 minutes at r.t. or 2 minutes at 90�C

and 5 + 10 minutes or 1 minute (r.t. or 90�C, respectively) of Fmoc

removal using 20% (v/v) piperidine in DMF. Underlined H and C in the

above sequences are the residues whose racemization was investi-

gated and were coupled in different modalities both in DMF and in

DMSO/BuOAc, as reported in Table 1.

The products were cleaved from the resin, and all protecting

groups were removed at the same time via the test cleavage proce-

dure above reported. After solubilization in water, crude peptides

were analyzed by RP-UHPLC coupled with ESI-MS (SI).

2.8 | PurePep EasyClean (PEC®) purification

We performed the HPLC-free purification of the 72mer peptide

RBM436–507 and β-amyloid peptides after their syntheses in DMF and

BuOAc/DMSO, using the PEC® technology. The first step of this pro-

tocol requires the coupling of the PEC-linker RC + on the N-terminal

amino function of the peptide on resin, which in our study was con-

ducted at r.t. for 18 hours under mechanical shaking using four equiv-

alents of the linker, six equivalents of Oxyma pure, and six equivalents

of DiPEA in DMSO/EtOAc 1:9 (v/v) mixture. Activated polymethacry-

late (PMA) beads were transferred in a fritted cartridge and washed

with 3 � water and 3 � 0.1 M aqueous citric acid buffer (pH 4.5). The

linker carrying the peptide was solubilized into 9:1 TFA/H2O solution

and cooled at 0�C. Pyridine was added dropwise, and the solution was

diluted with ACN and added to PMA beads. The mixture was shaken

for 5 hours at r.t. and, after immobilization, the beads were washed

with 3 � H2O. Unreacted aldehyde functions were blocked on beads

using a solution of 10%w L-Cys in 0.1 M aqueous citric acid buffer

(pH 4.5) for 15 minutes. Then, the beads were washed with 3 �
0.9 M GdmCl in DMSO and with 3 � 0.1 M NaCI in H2O/EtOH 3:7.

The linker on the peptide was reduced using a solution of 0.3 M

dithiothreitol (DTT) in 0.6 M aqueous NaHCO3 (pH 8) for 15 minutes

at r.t. Then, the beads were washed with H2O and ACN. The final

release consisted of treatment with TFA/H2O (95:5) for 45 minutes at

TABLE 1 Racemization study
conditions.

Temperature (�C) Time (s) Coupling system

H Fmoc-His(Trt)-OH r.t. 3,600 DIC Oxyma Pure

90 120

Fmoc-His(Boc)-OH r.t. 3,600

90 120

Fmoc-D-His(Trt)-OH r.t. 3,600

C Fmoc-Cys(Trt)-OH r.t. 3,600

90 120

Fmoc-D-Cys(Trt)-OH r.t. 3,600
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r.t., and the following precipitation was performed in cold diethyl

ether followed by lyophilization.

3 | RESULTS AND DISCUSSION

In the present study, we focused on the evaluation of a set of solvents

characterized by high boiling points to test the use of low-viscous

binary mixtures in SPPS, taking advantage of the high temperature

provided by induction heating on PurePep® Chorus synthesizer

(Gyros Protein Technologies, Tuscon, AZ, USA) and prevent undesired

evaporation and subsequent crush-out of reagents. The choice of sol-

vents for this study (DMSO, anisole, propyl acetate, butyl acetate,

3-methoxypropionitrile, and cyclopentanone) was mainly driven by

their eco-sustainability and high boiling points (> 100�C). The binary

mixtures, in particular with DMSO, were composed following previous

enlightening studies by Martin et al.21 Thus, we moved toward

different mixtures being aware of advantages (tuning of polarity and

viscosity) and drawbacks (recovering difficulty).

We first composed in Table 2 a list of green solvents mainly fol-

lowing the GSK Solvent Selection Guide.24,25

We were looking for the following characteristics to select the

solvent systems to be further tested:

1. Reagents solubility ≥ 0.4 M.

2. The boiling point of solvent or solvent mixture > 100�C.

3. Solvent viscosity < 4 mPas.

4. Resin swelling > 4 ml�g�1.

Our target, at this stage, was to select neat solvents or binary

mixtures capable of replacing DMF and demonstrating at least the

same performances in an automated synthesizer at elevated tempera-

tures, up to 90�C using induction heating, a heating system that effi-

ciently handles temperature increase regardless of the solvent used.

TABLE 2 List of solvents from GSK solvent selection guide.

Solvent name M.W. F.m. m.p. (�C) f.p. (�C) b.p (�C) Viscosity (mPas) Density (g/ml) Polarity (ET)

N-Methylpyrrolidone 99.133 C5H9NO �24 86 203 1.65 1.028 42.2

DMF 73.095 C3H7NO �61 58 153 0.92 0.948 43.2

Acetonitrile 41.053 C2H3N �45 2 81.3 0.441 0.786 45.6

Ethyl acetate 88.106 C4H8O2 �83.6 �4 77.1 0.45 0.902 38.1

Dimethyl sulfoxide 78.13 C2H6OS 19 89 189 2.14 1.1004 45.1

Anisole 108.14 C7H8O �37 52 153 0.99 0.995 37.1

Dioxolane 74.08 C3H6O2 �95 2.5 75 0.589 1.06 43.1

3-Methoxypropionitrile 85.1 C4H7NO �50 66 164 0.937 0.94 44.4

Methyl acetate 74.08 C3H6O2 �98 �13 57.1 0.385 0.932 38.9

Dimethyl isosorbide 174.19 C8H14O4 �70 120 235 6.8 1.15

Methyltetrahydrofuran 83.134 C5H10O �136 �10 80 0.6 0.854 36.5

Propyl acetate 102.133 C5H10O2 �95 11.8 102 0.6 0.89 37.5

Cyclopentanone 84.12 C5H8O �58.2 26 130.6 1.075 0.95 39.4

Dimethyl carbonate 90.078 C3H6O3 3 17 90 0.625 1.07 38.2

tert-Butyl acetate 116.16 C6H12O2 �58 22 97.8 1 0.859 ffi 38

Butyl acetate 116.16 C6H12O2 �78 22 126 0.73 0.882 38.5

TABLE 3 Solvent selection based on viscosity, polarity, and boiling point.

Solvent name CAS Abbr. M.W. F.m.
m.p.
(�C)

f.p.
(�C)

b.p
(�C)

Viscosity
(mPas)

Density
(g/ml)

Polarity
(ET)

Dimethylformamide 68–12-2 DMF 73.095 C3H7NO �61 58 153 0.92 0.948 43.2

Dimethyl sulfoxide 67–68-5 DMSO 78.13 C2H6OS 19 89 189 2.14 1.1004 45.1

Anisole 100–66-3 An 108.14 C7H8O �37 52 153 0.99 0.995 37.1

3-Methoxypropionitrile 110–67-8 MPN 85.1 C4H7NO �50 66 164 0.937 0.94 44.4

Propyl acetate 109–60-4 PA 102.133 C5H10O2 �95 11.8 102 0.6 0.89 37.5

Cyclopentanone 120–92-3 CP 84.12 C5H8O �58.2 26 130.6 1.075 0.95 39.4

Butyl acetate 12 3-86-4 BA 116.16 C6H12O2 �78 22 126 0.73 0.882 38.5
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In Table 3, the selected solvents are reported and DMF was used as a

comparison.

DMSO is a polar (45.1 ET)
26,27 and a rather viscous (2.16 mPas)

solvent; it has not only relatively low intrinsic toxicity but is also bio-

degradable, forming a non-toxic product.28 For this reason, it can be

considered a green solvent and nowadays used for a wide range of

applications in green chemistry,29–31 and in particular in peptide chem-

istry, where it was introduced in a binary mixture by Pawlas et al.20 The

same applies to anisole: it is widely considered an eco-sustainable sol-

vent in several reports,32,33 including in SPPS.19 We also inserted

3-methoxypropionitrile (MPN) because of its very significant safety pro-

file. Propyl acetate, butyl acetate, and cyclopentanone were already

taken into consideration by Lopez et al as green polar aprotic

solvents,15 even if not with the purpose of taking advantage of their

high boiling points to design a synthesis assisted by heating (Table 3).

3.1 | Reagents solubility

Since we consider the solubility of the reagents as a bottleneck that

could preclude the use of several polar aprotic solvents, we tested at

first this feature, in the selected solvents, both as neat solvents and in

binary mixtures. We tested the solubility of five Fmoc-amino acids

that differ in polarity and nature of side-chain protecting groups to

have a broad perception of the solubility of all Fmoc-amino acids com-

monly used in peptide synthesis. Table 4 reports that, among the cho-

sen neat solvents, only DMSO and partially cyclopentanone were able

to solubilize the selected Fmoc-amino acids. It is due both to a too-

low polarity - in particular, anisole and acetate - and to the nature of

the solvent itself. On the contrary, the high polarity of DMSO is such

that it is able to solubilize even the most challenging Fmoc-amino

acids, such as Fmoc-Arg(Pbf)-OH, Fmoc-His(Trt)-OH, and Fmoc-Asn

(Trt)-OH. Unfortunately, the main drawback of DMSO is its high vis-

cosity, which can affect both a correct delivery in an automated

instrument and an efficient perfusion into the polymer matrix beads.

Moreover, the polarity of neat DMSO is excessive for efficient cou-

pling reactions because it is well-known that the rate of this reaction

is enhanced in apolar solvents.21

For these reasons, we concluded that no neat solvent fulfills all

set requirements. Therefore, taking into consideration the benefits of

binary mixtures and their contribution in terms of Fmoc-amino acid

solubility and the increase in mixture boiling points, we tested the sol-

ubilization of the previous five Fmoc-amino acids in solvent X/DMSO

binary mixtures with different ratios, taking into consideration that

polarity should be reduced since amide bond formation is favored in a

more apolar solvent.21 Hence, we tested 7:3, 8:2, and 9:1 v/v mixtures

of Solvent X/DMSO, where Solvent X can be cyclopentanone, propyl

acetate, butyl acetate, anisole, and 3-methoxypropionitrile (MPN). As

reported in Table 5, the best results in terms of solubility were

achieved with the binary mixtures acetate/DMSO 7:3 and anisole/

DMSO 8:2. MPN, against our expectations, did not seem to be a good

solubilizer, even in a binary mixture with DMSO. After this series of

experiments, we decided not to continue to investigate MPN and

cyclopentanone mixtures due to solubilization issues and side reac-

tions that occurred during heating, respectively.

After the identification of the three most interesting binary mix-

tures, we proceeded with the solubility test of coupling reagents, in

particular HATU, DIC, and Oxyma pure. In Table 6, we can clearly

notice that uronium salt-based coupling reagent HATU is not soluble,

neither in neat solvents nor in previously identified binary mixtures,

TABLE 4 Reagents solubility in neat solvents.

Fmoc-His(Trt)-OH (M) Fmoc-Gln(Trt)-OH (M) Fmoc-Gly-OH (M) Fmoc-Phe-OH (M) Fmoc-Arg(Pbf)-OH (M)

Cyclopentanone < 0.1 ≥ 0.4 ≥ 0.4 0.3 < 0.1

3-Methoxypropionitrile < 0.1 ≥ 0.4 < 0.1 < 0.1 < 0.1

Anisole < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

Propyl acetate < 0.1 0.2 < 0.1 < 0.1 < 0.1

Butyl acetate < 0.1 < 0.1 < 0.1 < 0.1 < 0.1

DMSO ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4

TABLE 5 Reagents solubility in binary mixtures.

Fmoc-His(Trt)-OH
(M)

Fmoc-Arg(Pbf)-OH
(M)

Fmoc-Gln(Trt)-OH
(M)

Fmoc-Gly-OH
(M)

Fmoc-Phe-OH
(M)

Cyclopentanone/DMSO 7:3 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4

Butyl acetate/DMSO 7:3 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4

Propyl acetate/DMSO 7:3 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4

MPN/DMSO 7:3 0.2 ≥ 0.4 ≥ 0.4 0.2 < 0.1

Anisole/DMSO 8:2 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4 ≥ 0.4
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while the widely used coupling system DIC/Oxyma pure is very well

solubilized in the three binary mixtures at a concentration of at least

1 M.

3.2 | Swelling test

We tested the two widely used resins, such as polystyrene (PS)-based

Rink Amide AM resin and Tentagel S Rink Amide AM resin, in the

three binary mixtures at two different times: 2 and 24 hours

(Figure 1). Different solvents and times do not affect the swelling of

polystyrene Rink amide AM resin. On the other hand, in the case of

Tentagel resin, swelling is slightly more efficient in DMF compared to

the three selected binary mixtures, although still acceptable (4-7

ml/g). Moreover, a slight swelling rate increase with time was

observed.

3.3 | Racemization study

Racemization is a relevant issue in peptide synthesis, particularly in

the case of cysteine and histidine coupling during carboxylic activation

in the solid-phase. Racemization of one or more residues during the

synthesis results at least in epimerization of the final product, which is

often not detected, especially in very complex long peptides that are

very difficult to solve by chromatography. Through the years, many

countermoves to the racemization process have been proposed

regarding both protecting groups of amino acids of interest34–36 and

coupling reagents.37–42 In our study, we synthesized shorter peptides

from ABC 20-mer, focusing on coupling in DMF and DMSO/BuOAc

(that was considered the most promising mixture both for perfor-

mance and safety profile) of Fmoc-L-His(Boc)-OH, Fmoc-L-His(Trt)-

OH, and Fmoc-L-Cys(Trt)-OH both at r.t. and at 90�C, comparing the

amount of D-amino acid-containing epimer by RP-UHPLC-MS vs con-

trol peptide synthesized, introducing the corresponding D-His or

D-Cys building blocks.

The results we obtained are reported in Table 7.

Interestingly, we observed a comparable racemization during

Fmoc-L-His(Boc)-OH coupling using DIC/Oxyma pure as a coupling

system, even better at 90�C in the binary mixture DMSO/BuOAc. On

the contrary, Fmoc-L-His(Trt)-OH coupling leads to a very high race-

mization level in both solvents, in particular at high temperatures. For

this reason, we preferred the use of Fmoc-L-His(Boc)-OH, which is

also more convenient from the atom economy perspective. Moreover,

TABLE 6 Coupling system solubility in neat solvents and binary mixtures.

HATU (M) Oxyma pure (M) DIC (M)

Anisole < 0.1 ≥ 1 ≥ 1

Butyl acetate < 0.1 ≥ 1 ≥ 1

Propyl acetate < 0.1 ≥ 1 ≥ 1

Anisole/DMSO 8:2 0.2 ≥ 1 ≥ 1

Butyl acetate/DMSO 7:3 < 0.1 ≥ 1 ≥ 1

Propyl acetate/DMSO 7:3 < 0.1 ≥ 1 ≥ 1

F IGURE 1 Comparison of swelling capability of Tentagel S RAM and PS rink amide AM resins in different solvents after 2 h and 24 h.
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we also noticed that Fmoc-L-Cys(Trt)-OH is not so prone to racemiza-

tion during coupling in either solvent while using DIC/Oxyma pure as

a coupling system.

3.4 | Synthesis of model peptides at room
temperature

A fine-tuning of binary mixture composition is pivotal for an excellent

outcome of peptide synthesis. While the binary mixture for coupling

reactions should be apolar to promote amide bond formation but also

polar enough to solubilize reagents. On the contrary, for Fmoc-

removal it should be reached a compromise based on the necessity to

have a more polar mixture but at the same time not too viscous to be

delivered properly by the automatic synthesizer. That is exactly why

we prepared a deprotection solution using a 1:1 mixture of solvent

X/DMSO considering that it is ideally slightly more polar than neat

DMF with a comparable viscosity.21 Regarding the capping reaction

(which is a relevant characteristic of the PurePep® Chorus parallel

synthesizer), this was tested mainly for two reasons: on the one hand,

capping can stop truncated analogs after incomplete coupling, making

chromatography monitoring easier, and on the other hand, it sets up

the final peptide product to be purified by PEC® technology via

catch-and-release strategy. In Table 8, the tested binary mixtures with

different ratios per coupling, capping, and Fmoc removal are reported.

In addition to the fine-tuning of the binary mixture composition, a

correct calibration of the delivery system is required in order to offset

viscosity differences among different solvent systems. This operation

can be easily carried out on the PurePep® Chorus (Gyros Protein

Technologies, Tucson, AZ, USA) peptide synthesizer for all the eight

solvent positions, both for top and bottom deliveries, on up to six

reaction vessels separately, collecting and measuring the delivered

volumes directly in external position vials.

Before starting the syntheses on the machine, we evaluated

empirically the speed of mixture evaporation. This is a very important

aspect to keep in mind when selecting a solvent system, in particular,

if stock reagent solutions should be prepared and used in week-long

(or even longer) syntheses. In fact, if part of the solvent mixture evap-

orates during a long-automated synthesis, in particular in not-sealed

reaction vessels or reagent vials, a reagent precipitation can occur,

clogging tubes. It was demonstrated that EtOAc/DMSO is a great

green candidate for DMF substitution in terms of synthetic perfor-

mances due to similarities in polarity and viscosity. However, the main

drawback is the quite rapid evaporation of ethyl acetate from the mix-

ture, as reported in the evaporation experiment (see Supporting Infor-

mation), which could result in reagents precipitation. The green

TABLE 7 Racemization study.
Fmoc-aa coupled* Coupling solvent T (�C) % D-epimer (UPLC) % D-epimer (MS)

Fmoc-L-His(Boc)-OH DMF r.t. 3.44 2.99

90 7.37 6.93

DMSO/BuOAc r.t. 3.45 3.57

90 6.05 5.20

Fmoc-L-His(Trt)-OH DMF r.t. 3.52 2.20

90 19.66 21.58

DMSO/BuOAc r.t. 19.77 21.63

90 28.83 28.84

Fmoc-L-Cys(Trt)-OH DMF r.t. 0.13 Not detected

90 0.35 0.26

DMSO/BuOAc r.t. 0.08 Not detected

90 0.14 0.36

*Shorter peptides from ABC 20mer used in this study are Fmoc-ECNRADG-NH2 for cysteine

racemization and Fmoc-EHEQCNRADG-NH2 for histidine racemization.

TABLE 8 Binary mixtures tested in SPPS.

Operation Solvent mixture Ratio Solvent mixture Ratio Solvent mixture Ratio

Fmoc removal PrOAc/DMSO/Piperidine 2:2:1 BuOAc/DMSO/piperidine 2:2:1 anisole/DMSO/piperidine 2:2:1

Coupling* PrOAc/DMSO 7:3 BuOAc/DMSO 7:3 anisole/DMSO 8:2

Capping PrOAc/pyridine/

acetic anhydride

15:16:19 BuOAc/pyridine/

acetic anhydride

15:16:19 anisole/pyridine/

acetic anhydride

15:16:19

Washing EtOAc/DMSO 8:2 EtOAc/DMSO 8:2 EtOAc/DMSO 8:2

*Fmoc-amino acid 0.4 M, DIC 1 M, Oxyma pure 1 M. Fmoc-His(Trt)-OH and Fmoc-Asn(Trt)-OH were solubilized in 6:4 acetate/DMSO and 7:3 anisole/

DMSO mixtures because we observed precipitation after few hours from complete solubilization.

PACINI ET AL. 7 of 17
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mixtures proposed in this work, on the contrary, had a lower evapora-

tion speed, in particular the one with butyl acetate.

We synthesized at 100 μmol scale three model peptides: ACP

(65–74) [H-VQAAIDYING-NH2], a peptide widely used to evaluate

the efficiency of a synthetic protocol; A10K

[H-AAAAAAAAAAK-NH2], a well-demonstrated self-assembling pep-

tide, even on resin43; and AlaSTD, as a reference peptide representing

a non-challenging peptide sequence [H-AKADEVSLHKWYG-NH2].
23

We used the selected binary mixtures for coupling and Fmoc removal,

with two different ratios of solvent X/DMSO to optimize both reac-

tions; EtOAc/DMSO 8:2 binary green mixture was used for washing

steps since it has been proved to be an excellent alternative to DMF

at r.t.

The sequences were synthesized using the PurePep® Chorus

(Gyros Protein Technologies, Tucson, AZ, USA) automated synthesizer

taking advantage of both mechanical oscillation and nitrogen bubbling

mixing. The protocol used for these syntheses is shown in Table S1, in

particular volumes and times are reported.

The crude HPLC purities of syntheses performed at r.t. are

reported in Figures 2, 3, and 4. Results in DMF are certainly better

than the ones obtained with the other mixtures at r.t. This could be

due to a slow reaction kinetics both for amide bond formation and/or

for Fmoc removal in the selected binary mixture. Anyway, we can also

notice that in all syntheses, A10K crude purity is higher than ACP (65–

74), and, among the three green binary mixtures, BuOAc/DMSO was

slightly better than the other two, providing higher crude purity for

F IGURE 2 RP-UHPLC traces comparison of ACP (65–74) synthesized with different solvents at r.t.

F IGURE 3 RP-UHPLC traces comparison of PolyALA synthesized with different solvent systems at r.t.

8 of 17 PACINI ET AL.
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both model peptides. Regarding AlaSTD, syntheses in BuOAc/DMSO

and in DMF are comparable, while the one using PrOAc/DMSO

showed the remarkable formation of A-K deletion. These results could

be improved by optimizing equivalents, reaction repetitions, and reac-

tion time, but this is not the main purpose of the present work. Apart

from this, we demonstrated that these binary green mixtures could

substitute for DMF, albeit with slightly worse performances.

3.5 | Syntheses of model peptides at high
temperature

It has been common knowledge for some time that SPPS at high tem-

peratures can provide high efficiency in less time, enabling the produc-

tion of peptides that are difficult to synthesize at room temperature.44,45

The instrument used in this study, PurePep® Chorus (Gyros Protein

Technologies, Tucson, AZ, USA), is equipped with up to six reaction ves-

sels that can be heated by magnetic induction. The specific reaction ves-

sel is a glass-fitted syringe externally covered by a metal surface. This

type of heating ensures full compatibility with all solvents since the heat

source is external and independent from the solvent (or solvent mixture)

itself. The sequences were synthesized taking advantage of mechanical

oscillation, nitrogen bubbling, and induction heating. The protocol used

for these high-temperature syntheses is shown in Table S2, in which vol-

umes, times, and temperatures are reported.

Regarding ACP (65–74), in Figure 5, it can be observed a sizable

increase of purity at high temperatures, even doubled in the cases of

BuOAc/DMSO and PrOAc/DMSO mixtures, in comparison with

purities obtained at room temperature. At the same time, analyzing the

A10K trend in Figure 6, heating seems to have a low impact on the

crude purities in all the cases we studied. Moreover, even though A10K

synthesized in DMF at 90�C showed the best purity (78.3%), the result

obtained with PrOAc/DMSO is closely comparable. AlaSTD crude

purities are high (86–88%) in all the solvent systems used (Figure 7).

In conclusion, we can observe that syntheses in DMF at room

temperature provide better results in terms of crude HPLC purities in

comparison with other mixtures, particularly for ACP (65–74)

(Figure 8). At the same time, this trend is reversed for the synthesis of

ACP (65–74) at 90�C, since we noticed a very high purity with

BuOAc/DMSO, even higher than with DMF. A10K synthesis seems to

be less affected by increased temperature than ACP (65–74). Never-

theless, DMF (at r.t. and at high temperature) and PrOAc/DMSO pro-

vided comparable results. In addition to the general crude purities

increase, high temperatures are permitted to dramatically reduce the

synthesis time (4-fold), as reported in Figure 9.

3.6 | Synthesis of difficult peptide sequences

Synthesis of β-amyloid (1-42) – after having analyzed results

obtained with model peptides, we decided to focus on the most

promising green mixture, BuOAc/DMSO, because of the best result

provided at 90�C in the case of ACP (65–74) synthesis and also for

safety reasons, due to the higher boiling point compared with

PrOAc/DMSO mixture. We moved forward with an overt reference

point and challenge among difficult peptide syntheses, i.e., the

β-amyloid (1-42) peptide [DAEFRHDSGYEVHHQKLVFFAEDVG

SNKGAIIGLMVGGVVIA], a 42mer well known to be prone to aggre-

gation, both on-resin during SPPS and in solution during analysis.46

In Figure 10, the sequence with color code is reported. It is shown

that the hydrophobic moiety of the peptide (carboxylic half, rich in

apolar amino acids, in gray) has a higher propensity to form β-strand.

F IGURE 4 RP-UHPLC traces comparison of AlaSTD synthesized with different solvent systems at r.t.

PACINI ET AL. 9 of 17
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F IGURE 5 RP-UHPLC traces comparison of ACP (65–74) synthesized with different solvent systems at 90�C.

F IGURE 6 RP-UHPLC traces comparison of polyALA synthesized with different solvent systems at 90�C.

F IGURE 7 RP-UHPLC traces comparison of AlaSTD synthesized with different solvent systems at 90�C.

10 of 17 PACINI ET AL.
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Moreover, methionine, which is present in the sequence, has a

propensity to oxidize. We carried out the SPPS of β-amyloid (1-42) at

100 μmol scale both with DMF and with the green mixture BuOAc/

DMSO at high temperature, using the same synthetic protocol at

90�C, optimized to obtain the above-mentioned model peptides. The

RP-HPLC-MS analysis of crude peptides after test cleavage showed a

very similar profile and purity (61.7% HPLC purity for the synthesis

performed with BuOAc/DMSO and 59.7% HPLC purity of the synthe-

sis in DMF) (Figures 11 and 12). Both chromatographic traces show a

peak corresponding to the oxidized methionine in a similar percent-

age, i.e., 9.1% and 10.7% for the syntheses performed with BuOAc/

DMSO and DMF, respectively. Thus, we conclude that DMSO as a

solvent for SPPS does not produce methionine oxidation. Moreover,

the oxidized product can be reduced after cleavage from the resin,

leading to the desired product.48

3.7 | Synthesis of SARS-CoV-2 spike protein
receptor binding motif (RBM436–507)

We report herein the synthesis in DMF and in BuOAc/DMSO of the

72-mer peptide RBM436–507 putatively involved in the protein–protein

interaction between SARS CoV2 Spike and human Angiotensin-

converting enzyme 2 (ACE2), a crucial research target for COVID-19

diagnostics and therapeutics.49,50 The choice to synthesize this peptide

sequence was dictated by the remarkable complexity due to the length

F IGURE 8 Bar chart of crude purities: comparison among different solvent systems and temperatures.

F IGURE 9 Bar chart of time of synthesis:
comparison between high and room temperature.

PACINI ET AL. 11 of 17
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of the sequence, its amphiphilic nature, depending on a very hydrophobic

C-terminal part and a hydrophilic N-terminal one, and its β-sheet aggrega-

tion propensity. In Figure 13, the sequence is reported with color codes.

The synthesis was performed on a low-loading PEG-based resin

Tentagel R RAM to minimize the steric hindrance of the growing pep-

tide chain on the polymeric solid support.

F IGURE 10 β-Strand propensity and amino-acid composition of β-amyloid (1–42).47

F IGURE 11 RP-UHPLC traces of crude β-amyloid (1–42) synthesized using DMF. C18 column Waters Acquity BEH (130 Å, 1.7 μm,
2.1 � 50 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, 10–
90% B in 7 min. Rt = 3.278 min: β-amyloid (1–42) 59.7% purity.

F IGURE 12 RP-UHPLC traces of crude β-amyloid (1–42) synthesized using BuOAc/DMSO. C18 column Waters Acquity BEH (130 Å,
1.7 μm, 2.1 � 50 mm); temperature 65�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, 10–90% B in 7 min. Rt = 3.247 min: β-amyloid (1–42) 61.7% purity.

12 of 17 PACINI ET AL.
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We synthesized the 72-mer at 50 μmol scale, at high tempera-

ture, using both DMF and BuOAc/DMSO mixture, following a single

coupling strategy (5 equivalents Fmoc-amino acids, 5 equivalents cou-

pling system) for the first half of the peptide (36 residues), which is

quite hydrophobic. After checking by test cleavage, followed by

HPLC-MS analysis, that the progression of the synthesis of this por-

tion was comparable (purity 77.6% in DMF and 75.7% in DMSO/

BuOAc) in both solvent systems, we attempted at first the synthesis

of the second half doubling the equivalents of the reagents (10 equiva-

lents Fmoc-amino acids, 10 equivalents coupling system) but, after a

test cleavage, the final product was not detected. Therefore, we tried

a double coupling strategy using two equivalents of reagents (10 � 2

equivalents of Fmoc-amino acids, 10 � 2 equivalents coupling system)

obtaining the desired peptide as the main product as observed in the

F IGURE 13 β-Strand propensity and amino-acid composition of the 72mer peptide RBM436–507.
47

F IGURE 14 RP-UHPLC traces of 72mer peptide RBM436–507 synthesized using DMF. C18 column Waters Acquity BEH (130 Å, 1.7 μm,
2.1 � 50 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, 0–
70% B in 15 min. Rt = 3.586 min: 72mer peptide RBM436–507 26.1% purity.

F IGURE 15 RP-UHPLC traces of 72mer peptide RBM436–507 synthesized using BuOAc/DMSO. C18 column Waters Acquity BEH (130 Å,
1.7 μm, 2.1 � 50 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, 10–90% B in 10 min. Rt = 3.354 min: 72mer peptide RBM436–507 42.6% purity.

PACINI ET AL. 13 of 17
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chromatogram for both solvent systems (crude purities 26.1% and

42.6% in DMF and BuOAc/DMSO, respectively) (Figures 14 and 15).

Solvent consumption is not confined solely to the synthesis stage;

rather, the downstream processes of peptide cleavage, precipitation,

and especially purification via HPLC contribute significantly to the

overall waste generated in peptide production. In the case of

catch-and-release purification, particularly the PEC® purification, only

a fraction (approximately 15%) of solvents is utilized compared to

F IGURE 18 RP-UHPLC traces of β-amyloid (1–42) synthesized using DMF after PEC®. C18 column Waters Acquity BEH (130 Å, 1.7 μm,
2.1 � 50 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, 10–
90% B in 3 min. Rt = 1.728 min: β-amyloid (1–42) 78% purity.

F IGURE 16 RP-UHPLC traces of 72mer peptide RBM436–507 synthesized using DMF after PEC®. C18 column Waters Acquity BEH (130 Å,
1.7 μm, 2.1 � 50 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, 10–90% B in 3 min. Rt = 3.327 min: 72mer peptide RBM436–507 68% purity.

F IGURE 17 RP-UHPLC traces of 72mer peptide RBM436–507 synthesized using BuOAc/DMSO after PEC®. C18 column Waters Acquity
BEH (130 Å, 1.7 μm, 2.1 � 50 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, 10–90% B in 15 min. Rt = 6.507 min: 72mer peptide RBM436–507 71% purity.

14 of 17 PACINI ET AL.
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traditional HPLC methods.22 In our pursuit of a more environmentally

friendly approach to peptide manufacturing, we opted to employ

PEC® for the purification of the two particularly challenging peptides.

Remarkably, both peptides underwent PEC® purification in less than

7 hours, yielding HPLC purities of 71% and 68% of the 72-mer pep-

tide syntheses in BuOAc/DMSO and DMF, respectively (Figures 16

and 17), and 84% and 78% of the β-amyloid (1-42) syntheses in

BuOAc/DMSO and DMF, respectively (Figures 18 and 19).

4 | CONCLUSIONS

In this study, our primary objective was to identify a safer and more

environmentally friendly substitute for DMF, a commonly used but

toxic solvent in SPPS, by exploring the properties and performances

of various binary solvent mixtures at r.t. and 90�C. We selected

DMSO as one of the components of the binary solvent mixtures due

to its low toxicity and high solvating power, and we paired it with

other solvents like propyl acetate, butyl acetate, anisole, cyclopenta-

none, and methoxypropionitrile (MPN) that have favorable character-

istics such as low viscosity, medium polarity, and high boiling point.

We evaluated the solubility of amino acids and reagents com-

monly used in solid-phase synthesis, swelling of different resins, and

the synthesis efficiency of three test peptides, ACP (65–74), A10K,

and AlaSTD, in the binary solvent mixtures. We found that DMSO/

cyclopentanone, DMSO/propyl acetate, DMSO/butyl acetate (3:7,

v/v), and DMSO/anisole (2:8, v/v) could dissolve amino-acids building

blocks at concentrations ≥ 0.4 M, while DMSO/MPN (3:7, v/v) failed

to dissolve hydrophobic amino acids such as Fmoc-His(Trt)-OH and

Fmoc-Phe-OH. We also excluded cyclopentanone and MPN from fur-

ther experiments due to their potential side reactions and poor solu-

bility, respectively. We observed that DMSO/propyl acetate, DMSO/

butyl acetate, and DMSO/anisole resulted in optimal swelling (4–7

ml/g) for all resins, indicating that the solvent properties can be tuned

by using binary mixtures.

Developing greener, reliable, robust, and faster synthetic pro-

cesses is essential for achieving a sustainable future. One of the most

promising approaches is to perform greener peptide synthesis at

elevated temperatures, the so-called high-temperature solid-phase

peptide synthesis (HT-SPPS), which can enhance the reaction rates

and also enable the preparation of peptides that are difficult or impos-

sible to synthesize at r.t. However, the use of a green binary solvent

mixture in HT-SPPS presents certain challenges, such as the need for

precise temperature control to prevent overshooting. The PurePep®

Chorus synthesizer addresses that issue by offering induction heating

(IH) and oscillation mixing, which can prevent temperature overshoot-

ing. Moreover, the PurePep® Chorus synthesizer allows for the use of

green binary mixtures of solvents, which can further reduce the envi-

ronmental impact and cost of peptide synthesis. We compared the

SPPS results of the test peptides in the binary solvent mixtures with

those in DMF at r.t. and at 90�C performed in the PurePep® Chorus

synthesizer. We found that DMF is superior at r.t., as compared to all

the tested binary solvent mixtures. On the contrary, DMSO/propyl

acetate and DMSO/butyl acetate showed superior or comparable

results to DMF at 90�C. The crude purity of ACP (65–74) and A10K

increased significantly at elevated temperatures with DMSO/butyl

acetate compared to that at r.t. Considering the superior boiling point

and crude purity tests of peptides, we conducted further evaluations

with DMSO/butyl acetate with complex, self-aggregating, long pep-

tides such as β-amyloid (1-42) and the 72-mer peptide RBM436–507.

The crude purities of both peptides were found to be higher com-

pared to the syntheses with DMF at elevated temperatures. These

results suggest that DMSO/butyl acetate is a promising alternative to

DMF for SPPS, especially at high temperatures. In general, achieving a

peptide purity of ≥95% for complex peptides requires multiple rounds

of RP-HPLC purification. However, this process generates a signifi-

cant volume of organic waste, leading to increased costs and environ-

mental impact.51 To reduce the number of RP-HPLC cycles and

solvent consumption, we employed a novel catch-release purification

method using PEC® technology. This method was applied to purify

β-amyloid (1-42) and the 72-mer SARS CoV-2 Receptor Binding Motif

(RBM436–507). The purity of β-amyloid (1-42) improved from an initial

value of 60% to 78% for DMF and from 62% to 84% for BuOAc/

DMSO, and similarly, the purity of the longer sequence of SARS

CoV-2 RBM436–507 increased from an initial value of 26% to 68% for

DMF and from 43% to 71% for BuOAc/DMSO.

F IGURE 19 RP-UHPLC traces of β-amyloid (1–42) synthesized using BuOAc/DMSO after PEC®. C18 column Waters Acquity BEH (130 Å,
1.7 μm, 2.1 � 50 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, 10–90% B in 7 min. Rt = 1.728 min: β-amyloid (1–42) 84% purity.
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