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Resonant acoustic mixing enables solvent-less
amide coupling in solid-phase peptide synthesis

Alice Nanni, Panayiotis Bilalis and Magnus Rueping *

Solid-phase peptide synthesis (SPPS) is the backbone of modern peptide production. However, it relies

heavily on relatively toxic solvents and generates significant waste, limiting its sustainability and scalability.

To address these limitations, we report the first fully solvent-less peptide coupling protocol for SPPS

enabled by Resonant Acoustic Mixing (RAM), representing a step toward greener peptide manufacturing.

This method eliminates bulk solvent use, reagent pre-dissolution, and pre-activation during coupling by

using mechanical agitation to drive efficient amide bond formation. Optimized conditions (95g accelera-

tion, 5 min, 1.5 equiv. Fmoc-amino acids) afford rapid and clear reactions with high conversion and purity.

Notably, no external solvent is added during coupling; instead, residual solvent retained from resin pre-

swelling creates a localized microenvironment sufficient for in situ activation. Compared to conventional

SPPS, this protocol significantly reduces solvent and reagent use, reaction time, and waste. Process Mass

Intensity (PMI) calculations show clear improvements, highlighting the method’s environmental and econ-

omic benefits. This approach was validated by synthesizing two bioactive peptides (IKVAV and Angiotensin

1–7) in high yield and purity, and further demonstrated excellent scalability in a tenfold scale-up.

Green foundation
1. Our work introduces a solvent-less amide coupling for solid-phase peptide synthesis (SPPS), addressing one of the most environmentally burdensome
aspects of peptide production. By utilizing Resonant Acoustic Mixing (RAM), a non-contact, high-efficiency mechanical mixing technique we eliminate the
need for: (a) bulk solvent use, (b) reagent pre-dissolution and preactivation and (c) excess amino acid and reagent consumption typically required in conven-
tional SPPS. This reduces the environmental footprint, chemical waste, and process mass intensity (PMI). In doing so, we establish a scalable platform that
maintains the efficiency and versatility of SPPS while significantly improving its sustainability.
2. Our most significant green chemistry achievement lies in the development of a solvent-less amide coupling protocol for solid-phase peptide synthesis
(SPPS) in RAM. Quantitatively, this method demonstrated a 5-fold reduction in Process Mass Intensity (PMI). This dramatic improvement reflects substantial
savings in solvents and reagents. Notably, the coupling steps require no added solvent whatsoever; only the small amount of DMF retained from resin swell-
ing is sufficient to facilitate in situ activation. Furthermore, reagent use was minimized by optimizing the protocol to require 1.5 equivalents of amino acids,
down from the 3 to 5 equivalents commonly used, without sacrificing reaction efficiency. Each coupling cycle was reduced to only five minutes, delivering
products in excellent crude purity (up to 99%) and high yields. These results were consistently reproduced across short (KAV), medium (IKVAV), and longer
peptide sequences (Angiotensin 1–7), as well as successfully scaled up to 10 mmol, underscoring both the robustness and scalability of the approach.
3. The RAM-enabled protocol marks a major step toward greener peptide synthesis. However, several avenues remain to further enhance its sustainability.
Currently, solvent-less conditions are limited to the coupling steps, whereas deprotection and washing still require some solvent. Developing alternative,
greener reagents or solvent-free protocols for these steps would greatly reduce overall solvent dependency. Overall, continued innovation in these areas holds
the potential to establish a more comprehensive green platform for peptide manufacturing.

Introduction

Peptides have emerged as an essential class of bioactive mole-
cules, playing a key role in therapeutics, diagnostics, and
materials science.1–3 Their unique ability to target biological
systems with high affinity and selectivity has driven the rapid

growth of peptide-based medicines, with more than one
hundred approved drugs and many in development.4 By brid-
ging the gap between small molecules and biologics, peptides
offer tunable structures with strong biological activity, making
them attractive candidates for modern healthcare solutions.5–7

However, the production of peptides often carries a significant
environmental burden, largely due to solvent-intensive syn-
thetic methods and high reagent consumption.8

Since its introduction by Merrifield in 1963,9 solid-phase
peptide synthesis (SPPS) has remained the gold standard for
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peptide production for both academic research and industrial
manufacturing. This technique allows efficient stepwise chain
elongation on an insoluble resin, enabling rapid synthesis,
straightforward purification, and broad compatibility with
complex sequences, and has therefore become the backbone
of modern peptide synthesis.10–12 Despite its advantages,
however, SPPS presents serious sustainability challenges. The
method relies heavily on more hazardous polar aprotic sol-
vents, which increasingly face regulatory pressure due to their
higher toxicity and difficulty of disposal safety.13 In addition,
SPPS typically requires large excesses of amino acids and coup-
ling reagents, resulting in high waste generation, elevated
process mass intensities (PMIs), and increased production
costs.14,15

In recent years, various strategies have been developed to
make SPPS more sustainable. Microwave-assisted SPPS syn-
thesis has reduced reaction times, while alternative solvent
systems have aimed to lower toxicity without compromising
solubility or resin swelling.16–23 Technologies such as ultra-
sound-assisted synthesis, continuous-flow processes,24 and
mechanochemical methods such as ball milling have intro-
duced new ways to reduce solvent use and improve reaction
efficiency.25–32 Progress has also been made in reducing
solvent consumption during washing and deprotection, the
most solvent-intensive stages of SPPS.33,34 However, many of
these approaches still rely on solvent-intensive coupling steps,
require reagent pre-dissolution and activation, and face scal-
ability limitations or resin compatibility issues.35–39

To address these limitations, we introduce Resonant
Acoustic Mixing (RAM) as a new platform for solvent-less
peptide coupling under mild and scalable conditions. RAM is
a non-contact mixing technology that uses low-frequencies
acoustic energy (∼60 Hz) to generate efficient bulk motion and
localized micro-mixing zones throughout the reaction vessel.40

Unlike ball milling, RAM operates without grinding media,
offering precise control over mixing intensity through adjusta-
ble acceleration (up to 100g).41–46 Although RAM has shown
great potential in other areas of mechanochemistry, including
cocrystal formation, metal–organic framework synthesis, cross-
coupling and depolymerisation reactions,47–53 its application
in SPPS remains unexplored.

Herein, we report the first practical and scalable RAM-
based approach for solvent-less peptide coupling in SPPS. The
method eliminates the need for bulk solvent use, reagent pre-
dissolution and pre-activation, relying solely on the residual
swelling medium retained in the resin to support in situ acti-
vation and diffusion. We developed a custom RAM-compatible
reaction setup, validating resin integrity, and optimized reac-
tion parameters to achieve rapid and efficient coupling, even
for longer sequences up to seven amino acids. We further
demonstrate scalability up to 10 mmol without compromising
performance. This work establishes RAM as a rubust platform
for greener solid-phase peptide synthesis, offering substantial
reductions in solvent use, chemical waste, production costs,
and processing time, while maintaining the reliability and
efficiency of SPPS. Moreover, the future integration of RAM

with an automated platform holds promise for future auto-
mation of SPPS processes.54,55

Results and discussion
Experimental setup design and evaluation of resin bead
integrity under RAM conditions

A critical requirement for any SPPS-compatible mixing tech-
nique is preserving the integrity of the resin beads during agi-
tation. Excessive mechanical stress can damage the beads,
compromising synthesis efficiency and reproducibility.52,56

To assess whether RAM preserves resin morphology, com-
mercially available Fmoc-Rink Amide MBHA resin (loading:
0.664 mmol g−1, scale: 0.3 mmol) was swollen in 1.5 mL of
N,N-dimethylformamide (DMF) and subjected to RAM at 100g
for 30 minutes. Polypropylene fritted syringes used in these
reactions are incompatible with the standard RAM vial holder.
Therefore, a custom-made sample holder was designed in CAD
and 3D printed to securely and reproducibly mount the 10 mL
disposable polypropylene fritted syringe into the LabRAM II
instrument. The syringe was sealed with a rubber stopper at
the top and a cap at the bottom, to create a closed, RAM-com-
patible system (Fig. 1a–c). This holder can also be adapted and
used of non-standard reaction vessels (e.g., syringes) and
allows multiple samples to be processed simultaneously,
increasing the method’s throughput and flexibility (Fig. 1d).
The resin morphology was examined using high-speed digital
microscopy and compared to untreated control samples
(Fig. 1e). RAM-treated beads retained their spherical shape
with no observable surface damage (Fig. 1f), indicating that
RAM preserves resin integrity under these conditions. In con-
trast, when the same resin was treated under ball milling con-
ditions (30 Hz, 30 min) the obtained resin revealed notable
micro-pitting and surface degradation, attributed to the
compressive forces of the grinding media (Figure S2). These
results confirm that RAM provides efficient, non-destructive
mixing without abrasive or compressive stress, extending resin
bead lifetimes and offering a robust, scalable alternative fully
compatible with SPPS.

Process optimization using a benchmark tripeptide

Efficient coupling in solid-phase peptide synthesis depends
on the diffusion of reagents into the swollen resin matrix and
their penetration through its porous network.56 While
reagent design and protocol improvements have enhanced
SPPS over time, poor mixing remains a key limitation.
To overcome this, conventional methods often rely on large
reagent excesses and pre-activation or pre-dissolution of
coupling agents.57–59 These practices significantly increase
chemical waste, especially when using high-value amino
acids and polar aprotic solvents.35,60,61

Microwave-assisted SPPS protocols frequently employ up to
five equivalents of amino acids and coupling reagents in 0.5 M
solutions to achieve good yield and purity.62,63 Even on small
scales (e.g., 0.3 mmol), this requires substantial solvent
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volumes and generates a high process mass intensity (PMI) per
coupling cycle.15

To evaluate and optimize the performance of Resonant
Acoustic Mixing for solid-phase peptide synthesis, the tripep-
tide KAV (Lys–Ala–Val) was selected as a model system. Its
combination of hydrophilic, positively charged (Lys), neutral
(Ala), and hydrophobic, branched (Val) amino acids, provided
a suitable challenge for benchmarking. All couplings were per-
formed using the widely adopted Fmoc (9-fluorenylmethyl-
oxycarbonyl) strategy for temporary N-terminal protection,
combined with tert-butyl-based protecting groups for the side-
chains. This orthogonal protection scheme allows selective de-
protection under basic conditions for the Fmoc removal and

acidic conditions for the side chain deprotection and final
cleavage.64 The coupling system of N,N′-diisopropyl-
carbodiimide (DIC) and ethylcyanohydroxyiminoacetate
(OxymaPure) was selected for its high coupling efficiency and
minimal racemization risk,65–69 ensuring reliable peptide
bond formation under all tested conditions (Fig. 2). After each
coupling and deprotection step, the resin was washed with
DMF to remove the excess reagents and by-products. Detailed
synthetic procedure provided in the SI.

Initial coupling experiments were performed on a 0.3 mmol
scale using Fmoc-Rink Amide MBHA resin (loading:
0.664 mmol g−1) with four equivalents of Fmoc-amino acids,
and coupling reagents in 500 µL of DMF per coupling cycle, in

Fig. 1 (a and b) Commercialy available 10 mL disposable polypropylene fritted syringe sealed with a standard rubber stopper at the top and a cap at
the bottom, used for the SPPS in a LabRAM II instrument; (c) in-house designed 3D printed holder for application in RAM system; (d) resin swelling
experiment to evaluation the resin bead integrity under RAM conditions: Rink Amide MBHA resin (loading 0.664 mmol g−1, 0.3 mmol scale) in 4 mL
of DMF, at 100g per 30 min; visual assessment of resin bead before (e) and after (f ) RAM condition, using high-speed digital microscopy.

Fig. 2 Reaction conditions for the synthesis of tripeptide KAV (Lys–Ala–Val). Resin: Fmoc Rink Amide MBHA (loading 0.664 mmol g−1, 0.3 mmol scale);
a swelling: 4 mL DMF, RAM (80g, 20 min); bdeprotection: 4 mL of a solution 20% PIP in DMF, RAM (80g, 5 min) × 2; cwash: 3 mL DMF × 2; coupling: 1.5 eq.
AA, 3 eq. DIC, 3 eq. OxymaPure, RAM (95g, 5 min); d cleavage: 10 mL TFA/TIPS/H2O (95 : 2.5 : 2.5). Yield (84%), crude purity (99%), as a TFA salt.
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RAM at 80g per 30 minutes. Notably, all reagents were added
directly to the pre-swollen resin in solid or neat form without
any pre-activation or pre-dissolution, allowing for in situ acti-
vation during RAM. This afforded the target tripeptide in 85%
yield and 99% crude purity (Table 1, entry 1). When the
solvent volume was reduced to 250 µL, the reactions still pro-
ceeded efficiently, maintaining the same crude purity (99%)
and yielding 84% (Table 1, entry 2). The couplings were next
performed under fully solvent-less conditions. Remarkably,
despite the absence of externally added solvent, the reaction
proceeded efficiently, delivering the target tripeptide in 80%
yield and 98% crude purity (Table 1, entry 3). This outcome
was enabled by the small amount of DMF retained in the pre-
swollen resin, experimentally quantified as ≈500 µL per
0.1 mmol of resin (see the SI). This residual solvent provided a
localized, sufficiently solvated microenvironment that, under
RAM, facilitated efficient reagent diffusion and in situ acti-
vation through high-intensity mixing and enhanced mass
transfer. While traditional SPPS protocols rely on solvent not
only for resin swelling but also to dissolve reagents and
promote diffusion,70–73 these results demonstrate that RAM
enables efficient peptide coupling even in the absence of
added solvent.

Having demonstrated that coupling can proceed under
solvent-less conditions, we next explored whether RAM could
also accelerate the process without compromising efficiency.
When the coupling time was reduced from 30 to 10 minutes,
and further to just 5 minutes, using 4 equivalents of each
reagent under solvent-less conditions, crude purity remained
high (97–97%) and yields were comparable (80–79%, entries 4
and 5). The influence of mixing intensity was next examined
by performing the coupling at 60g and 95g under the same

solvent-less, 5-minute conditions. At 60g, the reaction gave
incomplete conversion (64%, entry 6) and formation of a Lys–
Ala deletion product (see the SI), suggesting inefficient mixing
and poor reagent diffusion. Increasing the acceleration to 95g
restored complete conversion and yielded 84% of the desired
tripeptide with 99% crude purity (entry 7). These results high-
light the importance of tuning the mechanical energy input to
enhance reagent–resin interactions by rapid mixing and in situ
activation. Lastly, the reagent stoichiometry was also opti-
mized. Reducing all components to 3 equivalents still resulted
in high conversion (81%) and 99% crude purity (entry 8).
However, lowering the equivalents of both amino acids and
coupling reagents to 1.5 led to incomplete coupling and the
formation of deletion sequence (Lys–Ala) as a side product
(entry 9). Interestingly, when only Fmoc-amino acids were
reduced to 1.5 equivalents while maintaining 3 equivalents of
DIC and OxymaPure, coupling proceeded efficiently, affording
the tripeptide in 84% yield and 99% crude purity (entry 10).

Based on this evaluation, the optimized conditions for
RAM-assisted SPPS were defined as 1.5 equivalent of Fmoc-
amino acid, 3 equivalents of DIC and OxymaPure, 5 minutes
of mixing at 95g, and no added solvent or pre-activation. This
optimized protocol maintains high yield and crude purity
while reducing solvent use, reaction time, and reagent input
up to 60% less of amino acid consumption compared to the
conventional SPPS protocol,74 underscoring the capability of
RAM to achieve efficient coupling using only the residual
swelling medium. These findings demonstrate that even the
traditionally resource-intensive coupling step in SPPS can be
effectively streamlined without compromising performance,
marking a significant advance toward greener and more sus-
tainable peptide manufacturing.

Table 1 Optimization of solvent volume, mixing time, acceleration, and reagents equivalents for the RAM-assisted SPPS coupling of the model tri-
peptide Lys–Ala–Val (KAV). All reactions were performed on a 0.3 mmol scale using Fmoc-Rink Amide MBHA resin (loading: 0.664 mmol g−1). Crude
purity was determined by LC-MS, and isolated yields refer to the solid tripeptide after cleavage and precipitation. All reagents were added in solid or
neat form without pre-activation or dissolution. DMF volume refers to added solvent only; residual solvent retained by the pre-swollen resin (500 µL
per 0.1 mmol scale) is not included

Entry DMF [µL] Time [min] Acceleration [g] X equivalent Y equivalent Isolated yield (%) Purity (%)

1 500 30 80 4 4 85 99
2 200 30 80 4 4 84 99
3 — 30 80 4 4 80 98
4 — 10 80 4 4 80 97
5 — 5 80 4 4 79 97
6 — 5 60 4 4 64 84
7 — 5 95 4 4 84 99
8 — 5 95 3 3 81 99
9 — 5 95 1.5 1.5 61 81
10 — 5 95 1.5 3 84 99
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Protocol extension to bioactive peptides: synthesis of IKVAV
and Angiotensin (1–7)

To further demonstrate the validity of the optimized coupling
protocol under RAM conditions, the methodology was
extended to the synthesis of more complex bioactive peptides.
The first target was the pentapeptide IKVAV (Ile–Lys–Val–Ala–
Val), a laminin-derived sequence known for its role in cell
adhesion, neurite outgrowth, and tissue engineering appli-
cations (Fig. 3).75–79 Synthesis was performed on a 0.3 mmol
scale using Fmoc-Rink Amide MBHA resin (loading: 0.664
mmol g−1). Each coupling step used 1.5 equivalents of Fmoc-
amino acids and 3 equivalents of DIC and OxymaPure, added
directly to the resin in solid or neat form without pre-acti-
vation or dissolution. In situ activation was enabled by the
residual solvent retained in the pre-swollen resin. Each coup-
ling was carried out for 5 minutes at 95g using the LabRAM II
instrument. Fmoc deprotection was performed with 20%
piperidine in DMF under RAM at 80g for 5 minutes, followed
by standard steps. After cleavage and precipitation, the crude
peptide was analysed by LC-MS and NMR, confirming excellent
crude purity (95%) and isolated yield (81%). Importantly, no
deletion sequences were observed, highlighting the method’s
ability to deliver full-length sequences with high fidelity under
solvent-less conditions (see the SI).

To further test the robustness of the method with a longer
and more complex sequence, the protocol was applied to the

heptapeptide Angiotensin 1–7 (Asp–Arg–Val–Tyr–Ile–His–Pro),
a bioactive hormone of the renin-angiotensin system with
therapeutic potential in cardiovascular and pulmonary dis-
eases, including complications related to COVID-19.80,81 This
sequence presents synthetic challenges, including the risk of
aspartimide formation from Asp, the potential for His epimeri-
zation, and the steric inderance of Pro at the C-terminus.82,83

It also includes side-chain protected residues such as Arg(Pbf),
His(Trt), and Tyr(tBu), which further test the efficiency of coup-
ling and the method’s compatibility with diverse protecting
groups. Using the same RAM protocol employed for IKVAV,
identical conditions for coupling, deprotection, and cleavage,
Angiotensin (1–7) was synthesized in high crude purity (94%)
and good isolated yield (70%) (Fig. 4). LC-MS and NMR ana-
lyses confirmed the absence of deletion sequences or side pro-
ducts, demonstrating the method’s ability to deliver full-length
peptides with high sequence integrity even for longer and
more sensitive sequences (see the SI).

Scalable coupling of model tripeptide via RAM

To demonstrate the scalability of the optimized RAM-assisted
SPPS protocol, the synthesis of the model tripeptide Lys–Ala–
Val (KAV) was scaled up from 0.3 mmol to 10 mmol, represent-
ing a 30-fold increase. Notably, this scale exceeds the typical
capacity of most automated microwave-assisted synthesizers,
which are usually limited to a batches of up to 2 mmol, and

Fig. 3 Reaction conditions for the synthesis of pentapeptide IKVAV (Ile–Lys–Val–Ala–Val). Resin: Fmoc Rink Amide MBHA (loading 0.664 mmol g−1,
0.3 mmol scale); a swelling: 4 mL DMF, RAM (80g, 20 min); b deprotection: 4 mL of a solution 20% PIP in DMF, RAM (80g, 5 min) × 2; cwash:
3 mL DMF × 2; coupling: 1.5 eq. AA, 3 eq. DIC, 3 eq. OxymaPure, RAM (95g, 5 min); d cleavage: 10 mL TFA/TIPS/H2O (95 : 2.5 : 2.5). Yield (81%), crude
purity (95%), as a TFA salt.
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only up to 5 mmol on specialized systems.29 The synthesis was
carried out using the same optimized conditions developed at
small scale: 1.5 equivalents of each Fmoc-amino acid, 3
equivalents of DIC and OxymaPure, 5 minutes of coupling
time, and 95g acoustic acceleration using the LabRAM II
instrument. For this larger batch, a 250 mL Pyrex jar was used
as the reaction vessel to provide adequate space and ensure
efficient mixing across the full resin bed. Unlike the 10 mL
syringe setup used in small-scale experiments, our current set-
up involves a Pyrex jar lacking an integrated filtration system
(see the SI). Importantly, the coupling steps remained fully
solvent-less throughout the process. All reagents were added
directly in solid or neat form, with deprotection and washing
steps carried out manually between cycles. Despite the
increased volume, the synthesis proceeded smoothly with no
signs of compromised mixing or reaction performance. After
cleavage and precipitation, the crude peptide was analysed by
LC-MS and NMR, confirming a high isolated yield of 71% and
crude purity of 99%, consistent with the results obtained at
the 0.3 mmol scale. This successful scale-up demonstrate the

ability of RAM to translate efficient solvent-less coupling to
gram-scale production. In contrast to the microwave-assisted
system, which often face challenges in scaling due to limited
heating uniformity and irradiation penetration in handling
larger volumes,37 the RAM provides uniform energy distri-
bution and effective mass transfer regardless the scale.
Together, these results support the potential of RAM as a scal-
able, sustainable, and industrially relevant platform for solid-
phase peptide synthesis.

Environmental impact assessment: process mass intensity

To evaluate the environmental performance of the optimized
RAM-assisted SPPS protocol, the Process Mass Intensity (PMI)
was calculated. PMI, a widely used green chemistry metric,
representing the total mass of all input materials used in the
process relative to the mass of the final product, serving as a
direct indicator of material efficiency.84,85 For the synthesis of
the model tripeptide Lys–Ala–Val (KAV) on a 0.3 mmol scale,
the RAM-based SPPS process was calculated to be 953. This
value includes all the reagents, solvent used for resin swelling,

Fig. 4 Reaction conditions for the synthesis of heptapeptide Angiotensin (1–7) (Asp–Arg–Val–Tyr–Ile–His–Pro). Resin: Fmoc Rink Amide MBHA
(loading 0.664 mmol g−1, 0.3 mmol scale); a swelling: 4 mL DMF, RAM (80g, 20 min); b deprotection: 4 mL of a solution 20% PIP in DMF, RAM (80g,
5 min) × 2; cwash: 3 mL DMF × 2; coupling: 1.5 eq. AA, 3 eq. DIC, 3 eq. OxymaPure, RAM (95g, 5 min); d cleavage: 10 mL TFA/TIPS/H2O (95 : 2.5 : 2.5).
Yield (70%), crude purity (94%), as a TFA salt.
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washing, and deprotection, but excludes materials used during
cleavage and final isolation (see the SI). For comparison, a con-
ventional microwave-assisted SPPS process using the same
amino acids and coupling reagents produced a considerably
higher PMI of 4695. This five-fold improvement clearly demon-
strates the reduced material consumption achieved with
RAM-SPPS. These results highlight the enhanced efficiency
and lower environmental footprint of the RAM approach, par-
ticularly in terms of solvent and reagent use. Even at the early
stages of process development, RAM offers a more sustainable
alternative to traditional SPPS methods and supports its poten-
tial greener, scalable peptide manufacturing.

Conclusions

This study presents the first solvent-less peptide coupling pro-
tocol for solid-phase peptide synthesis (SPPS) using Resonant
Acoustic Mixing (RAM). By eliminating the need for added
solvent in the coupling, reagent pre-dissolution, and pre-acti-
vation, the method achieved efficient peptide bond formation
through mechanical mixing alone. Under optimized peptide
coupling conditions, RAM delivers high conversion and purity
using reduced reagent amounts and no external solvent,
relying on the residual solvent in the swollen resin to support
in situ activation. The protocol was successfully applied to the
synthesis of bioactive peptides IKVAV and Angiotensin (1–7),
and scaled up to 10 mmol for the model tripeptide Lys–Ala–
Val, maintaining high product quality throughout the full
process. The environmental benefits of the RAM-SPPS tech-
nique was quantified by using the PMI green chemistry metric,
showing a five-fold reduction compared to traditional
methods. This work establishes a strong foundation for
solvent-less SPPS and supports further development toward
more sustainable peptide synthesis.
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