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Linear oligopeptide formation from
alanine-diketopiperazine in acidic aqueous
solutions using interfacial nano-pulsed discharge
plasma†

Mitsuru Sasaki, *abc Kouki Nonaka,d Yuka Sakai,d Tetsuo Honma,e

Tomohiro Furusatof and Kunio Kawamura*g

Traditionally, synthesis of peptides using solid- or liquid-phase methods requires organic solvents, which goes

against the fundamentals of green chemistry. In our previous study, we successfully demonstrated a green

synthesis process involving alanine oligopeptides from alanine–diketopiperazine (alanine–DKP) using pulsed dis-

charge plasma. By optimizing the conditions for oligopeptide synthesis, we improved the green synthesis of alanine

oligopeptides by performing plasma irradiation in an acidic aqueous solution. The yield of alanyl–alanyl–alanine

from alanine–DKP is approximately 30% within 3–20 min. The addition of alanylalanine enhances the formation of

higher oligopeptides. Furthermore, LC-MS analysis shows trace amounts of glycine–DKP, glycine oligopeptides,

glutamic acid, pyruvic acid, and pyroglutamic acid, which implies the reaction mechanism for the spontaneous

elongation of higher oligopeptides from alanine–DKP through the ring opening of alanine–DKP and the radical for-

mation of amino acids. Thus, the formation of DKP is advantageous for the formation of oligopeptides and does

not inhibit oligopeptide elongation. This study provides useful insights into the chemical evolution of oligopeptides

and the development of environmentally friendly oligopeptide formation processes.

Introduction

Peptides are important for both fundamental and practical
applications. The roles of peptides in organisms and their
applications in different fields have been frequently summar-
ized in the literature,1,2 and their applications include the
synthesis of peptide medicines3,4 and the development of
biosensors.5,6 Peptides are conventionally fabricated using
solid- or liquid-phase methods involving a series of synthetic

processes.7,8 However, a multistep synthesis using organic solv-
ents and protecting groups, such as 9-fluorenylmethyloxycarbonyl
(FMOC) and tert-butoxycarbonyl (BOC), is not regarded as suitable
for green chemistry. However, alternative pathways have not yet
been identified.

The formation of peptides in aqueous solutions has been
extensively studied from the perspective of the chemical evolu-
tion of proteins on Hadean Earth.9–12 According to the studies
of peptide formation in aqueous phases in relation to the
origin-of-life problem, simulation experiments of a hydrother-
mal vent system in the deep ocean have shown that oligopep-
tides are formed from monomeric amino acids.11,12 However,
the efficiency of such processes is not high, typically approxi-
mately 0.1%; hence, alternative pathways have been proposed
to improve the efficiency of the formation of higher oligopep-
tides. This low efficiency can be attributed to two reasons. First,
diketopiperazine (DKP) formation stops the elongation of
higher oligopeptides. We have developed successful methods
to prevent DKP-induced termination, including the use of a
tetrapeptide and a specific combination of amino acids, such as
glutamic and aspartic acids.12,13 Second, the formation of
amide bonds causes dehydration, which makes the formation
of peptides in an aqueous medium disadvantageous from a
thermodynamic viewpoint. However, energy-supply methods
have not been sufficiently investigated.
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The use of discharged plasma for chemical reactions and
treatments has been extensively studied for use in green
technology.14–18 Examples include the degradation of toxic
compounds and the synthesis of carbon nanoparticles. The
energy range produced by the discharged plasma is relatively
high. Thus, plasma discharge treatment has frequently been
adopted for the degradation of waste chemicals. In general,
thermal plasmas are strong, whereas nonthermal plasmas are
relatively weak.19,20 Therefore, thermal plasma is not consid-
ered suitable for organic synthesis in aqueous solutions.

We attempted to use electric discharge pulse plasma as an
energy source to form amide bonds between amino acids. In
addition, we examined whether DKP can be used as a starting
material for the formation of higher oligopeptides as it gen-
erally inhibits the elongation of oligopeptides, even in pro-
cesses using solid- and liquid-phase synthesis methods. In our
previous study, we discovered that oligopeptide elongation
from DKP was possible by irradiation with nano-pulsed dis-
charge plasma.21 Surprisingly, thermal plasma was more effi-
cient than nonthermal plasma for this reaction. This pathway
possesses strong potential as a technological seed for the
environmentally harmless synthesis of oligopeptides without
the use of organic solvents or protection groups, even those that
are normally synthesized by pure organic chemistry.

In this study, we studied the scope of this fundamental
reaction for the efficient formation of oligopeptides. We deter-
mined that the formation of alanine tri- and tetra-oligopeptides
proceeded more efficiently under strongly acidic conditions. In
addition, we investigated the conditions required for the elon-
gation of higher oligopeptides and discussed the reaction
mechanism of higher oligopeptide formation.

Experimental
Nano-pulsed discharge plasma setup

The experimental setup for the generation of the pulsed dis-
charge plasma was based on our previous method.21 A sche-
matic representation of the experimental setup and its photo is
provided in Fig. S1 in the ESI.† Sample solutions (10 mL)
containing 100 mM DKP and alanine (Ala-DKP) were prepared
at different initial pH values. The solutions (pH 4.7) were
prepared without the addition of an acid to the 100 mM
Ala-DKP solution, and the solutions at pH 1.7 and 1.0 were
prepared with nitric acid. A 10 mL sample solution was added
to a reactor (80 mL glass vessel), which was partially isolated
from the atmosphere by a silicon rubber stopper. Then, the
discharge plasma was generated using a pulsed power supply
(MPC3000S-25LP, Suematsu Electronics Manufacturing Co.
Ltd) through a tungsten anode (outer diameter: 1.0 mm,
NILACO Co. Ltd) to a stainless-steel cathode (outer diameter:
1.59 mm), which was adjusted to 2 mm for the thermal plasma.
The pulse frequency and width were 50–250 pps (pulse per s)
and 0.1 ms, respectively. The pulse voltage and current were
approximately 14–25 kV and 135–145 A at pH 4.7 and 8–9 kV
and 170–180 A at pH 1.0, respectively. Discharge was conducted

at 50, 100, 200, and 250 pps for up to 20 min at atmospheric
pressure without controlling the temperature of the reactor,
unless noted otherwise.

Sample analysis

The pH was measured using a portable pH meter (LAQUA, HORIBA
Co. Ltd, Japan). Inorganic ions were analyzed using an ion chro-
matograph IA-300 (TOA DKK Co. Ltd, Japan) with an ion-exchange
column PCI-211 and a guard column PCI-211G (TOA DKK Co. Ltd,
Japan). The eluent was provided by TOA DKK for the PCI-211
column and separation was performed at 1.1 mL min�1 with a
calibration mixture IA-AS1 (TOA DKK Co. Ltd, Japan).

The amount of alanine was analyzed by gas chromatography
with a flame ionization detector (GC-FID) using a gas chroma-
tograph (Shimadzu GC-2010 Plus, Shimadzu Co. Ltd, Japan)
and an SH-Rxi-PAH detector (length: 30 m and inner diameter:
0.25 mm). The gradient was performed as follows: the column
was heated from room temperature to 100 1C for 0.5 min before
being further heated to 275 1C for 4 min at a gradient rate of
30 1C min�1 using He as the carrier gas. A sample volume of
1 mL was injected at 250 1C and 115 kPa into the column.

The Ala oligopeptides in the reaction products were analyzed via
high-performance liquid chromatography (HPLC) using a JASCO
system with an MD-4017 photodiode array detector (JASCO Co. Ltd,
Japan). The linear gradient on a reversed-phase column InertsilTM

ODS-3V (mean particle size: 3 mm, inner diameter: 4.6 mm,
and length: 250 mm; GL Science, Japan) was applied using a
mixture of an eluent containing 5 mM phosphate and 3.6 mM
1-hexanesulfonic acid with methanol from 1% (0 min), 10%
(16 min), and 10% (25 min) at 35 1C.

LC-MS analysis was performed using an ultra performance
liquid chromatography (UPLC) system (Waters UPLC PDA
detector) on an Inertsil Amide column. The separation of UPLC
was performed with a mixture of 63% water, 7% of aqueous
solution of 1% formic acid, and 30% methanol at 0.3 mL
min�1. Mass spectrometry (MS) analyses were conducted using
an electrospray ionization (ESI) detector at 2 kV negative or
2.5 kV positive at a source temperature of 150 1C. An MS scan
was performed in the range of 50–1200 Da at a step rate of
approximately 0.01 Da.

Current and voltage measurements

Current–voltage measurements were performed using an oscil-
loscope DL9140L (Yokogawa Test & Measurement Co. Ltd,
Japan) equipped with a Rogowski coil 110A (Pearson Electro-
nics, USA). The current was measured by reducing it to 1/10
using a BNC-type fixed attenuator (BA-PJ-20, TO-CONNE Co.
Ltd, Japan), and the voltage was measured using a high-voltage
probe P6015A (Tektronix Inc., USA).

Results and discussion
Reaction behavior of Ala-DKP at an initial pH of 4.6

The reaction behavior of Ala-DKP was investigated at an initial
pH of 4.6 using a new power supply, which is the successor
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model of MPC3000C used in our previous study.21 The reaction
behavior at different irradiation times of 3–30 min (Fig. 1) was
comparable to that obtained using the old power supply. The
products at pH 4.6 without the addition of a pH buffering agent
were similar to those determined in our previous study. This
indicated that the formation of higher oligopeptides from
Ala-DKP was reproducible under different experimental and
instrumental conditions. In general, the generation of plasma
is often sensitive and dependent on several conditions, such as
the distance between the interface and electrode and humidity
around the interface. Therefore, the reproduction between the
present and previous studies shows the usefulness of the
present reaction technique.

However, the formation of Ala-Ala-Ala was less frequently
observed in the present study than in the previous study. In
addition, the number of unknown products increased with
increasing discharge times and corresponded to the difference
between the initial amount of Ala-DKP and the total amount of
Ala, Ala-Ala, Ala-Ala-Ala, and Ala-Ala-Ala-Ala, and the remaining
Ala-DKP.

The influence of the discharge frequency was inspected
under the condition that the total number of discharge shots
was maintained at 60 000 shots. Thus, the frequency was varied
at 50, 100, 200, and 250 pps and the irradiation periods were
reduced to 20, 10, 5, and 4 min, respectively (Fig. 1b). The
production behavior of Ala-Ala, Ala-Ala-Ala, and Ala-Ala-Ala-Ala
was not notably dependent on the frequency, whereas a small
amount of Ala-Ala-Ala was detected during the experiment at
frequencies of 100–250 pps. The detection of Ala-Ala-Ala was
probably caused by the degradation of Ala-Ala-Ala-Ala to
Ala-Ala-Ala due to the high irradiation frequency. In addition,
the net conversion ratio, including unknown products at fre-
quencies of 100–250 pps at an irradiation time of 4–10 min,
was considerably higher than that at 50 pps at 20 min because
the unknown products were detected at frequencies of
100–250 pps.

Nitric acid formation by nano-pulsed discharge plasma

In our preliminary study, we determined that thermal plasma
was suitable for the synthesis of higher oligopeptides from
DKP, whereas nonthermal plasma was inefficient. The results

of the present study are consistent with this assumption. In a
previous study,21 we used a starting mixture containing DKP
without controlling the pH of the solution. During the experi-
ments, we noticed that the strong light caused by the nano-
pulsed discharge gradually disappeared after 10–20 min of
plasma irradiation. Therefore, we assumed that the plasma
environment might fit gradually into the chemical environment
for the efficient formation of higher oligopeptides during the
irradiation of nano-pulsed discharges.

Based on this assumption, we suspected that temperature
and/or pH would affect oligopeptide formation.15 Thus, we
tested the temperature and pH profiles during the nano-
pulsed discharge of the reaction mixture, which was initially
controlled at pH 4.6. The temperature behavior was consistent
with our previous study, where the temperature reached
approximately 60 1C (Fig. S1a, ESI†). However, the pH value
rapidly decreased at the initial stage and gradually reached a
pH of 1.67 after an irradiation time of 30 min (Fig. S1b, ESI†).
This result was consistent with the fact that the discharge
plasma forms nitrogen oxide in the atmosphere.

We examined the amount of nitric acid in a sample solution
exposed to the nano-pulsed discharge plasma for 20 min using
ion chromatography. The inorganic ions analyzed using ion-
exchange chromatography are summarized in Table 1. The
generation of nitrate and nitrite indicates that these ions were
formed from the nitrogen gas present in the atmosphere. The
calculated pH value based on the amount of nitrate ions is 1.93,
which is consistent with the experimentally measured pH of
1.95, where the amount of nitrite was omitted because of its
weak acidity. The volume of nitrogen gas in the vessel that was
converted to nitrate was calculated as 1.3 mL. This indicates
that the pH of the aqueous solution was readily decreased by
the discharge plasma. The formation of nitrate from nitrogen
and oxygen gases by the discharge plasma is consistent with
previous studies.22–25

Reaction behavior of Ala-DKP at initial pHs of 1.7 and 1.0

In this section, we determined that the pH considerably
decreased during irradiation with the nano-pulsed discharge
plasma. Therefore, we examined the reaction products at
different pH values (Fig. S2, ESI†). The yields of Ala-Ala and
Ala-Ala-Ala significantly increased with decreasing pH values.

Fig. 1 Product yield from Ala-DKP at pH 4.6. (a) Influence of the
discharge time and the (b) discharge frequency on the product yield.
[Ala-DKP] = 100 mM (10 mL), initial pH: 4.6, discharge frequency:
50–250 pps, and discharge time: 3–30 min.

Table 1 Amount of inorganic ions after irradiation with nano-pulsed
discharge plasma

Ions Amount/mg L�1

PO4
3� 0.00

F� 0.00
Cl� 0.13
NO2

� 202
Br� 0.00
NO3

� 726
SO4

2� 0.00

[Ala-DKP] = 100 mM (10 mL), initial pH: 4.6, discharge frequency:
50 pps, and irradiation time: 20 min.
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Although Ala-Ala-Ala-Ala-Ala was not detected, the yield of Ala-
Ala-Ala exceeded 30% at an initial pH of 1.0.

We monitored the reaction products at different discharge
times of 3–20 min at pH 1.0–1.7, as shown in Fig. 2. The
amount of Ala-Ala and Ala-Ala-Ala increased slightly with an
increase in the discharge time from 3 to 20 min at pH 1.7. The
yields of Ala-Ala and Ala-Ala-Ala were 8.89% and 4.71%, respec-
tively, at pH 1.7. In addition, the number of unknown products
increased with increasing discharge times up to 23.77% at pH
1.7. This indicates that the formation of Ala-Ala and Ala-Ala-Ala
at pH 1.7 is faster than that of the unknown products. The
number of oligopeptides gradually increased with increasing
discharge times. This indicates that the formation of Ala-Ala,
Ala-Ala-Ala, and unknown products proceeds quickly at the
beginning of discharge compared to that at pH 1.7, where the

extent of oligopeptides remained consistent at a discharge time
of 3 min. The fact that both the yields of Ala-Ala-Ala and Ala-Ala
reached approximately 30% and higher at pH 1.0 after a
discharge time of 3-20 min was unexpected because Ala-DKP
is considered a stable material. For a more detailed analysis of
the reaction mechanism and behavior, we analyzed the reaction
products discharged at an initial pH of 1.0 using LC-MS. The
results are summarized in Table 2.

Ala-Ala-Ala and Ala-Ala-Ala-Ala were detected using LC-MS
analysis. Also, different oligopeptides, including glycine, aspar-
tic acid, glutamic acid residues and related peptides, were
observed. Gly-DKP, Ala-Gly, and oligopeptides containing

Fig. 2 Product yield versus discharge time with different initial pHs of 1.7
and 1.0. The initial pH of the sample solutions was adjusted to pH 1.7 and
1.0. [Ala-DKP] = 100 mM (10 mL), initial temperature: 25 1C, discharge
frequency: 50 pps, and discharge time: 3–20 min.

Table 2 LC-MS analysis of the reaction products discharged at an initial pH of 1.0

Compounds Molecular formula Formula mass/Da

Discharge time/min

3 5 10 20

Ala-DKP C6H10N2O2 141.0664 MP MP MP MP
Ala C3H7NO2 88.0399 +++ +++ +++ +++
Ala-Ala C6H12N2O3 159.0770 MP MP MP MP
Ala-Gly C5H10N2O3 145.0613 ++ ++ ++ ++
Ala-Pro C8H14N2O3 185.0926 ++ +++ +++ +++
Gly-DKP C4H6N2O2 113.0351 ++ ++ ++ +++
Ala-Ala-Ala C9H17N3O4 230.1141 + + + +
Ala-Ala-Ala-Ala C12H22N4O5 301.1512 ND + + ++
Gly C2H5NO2 74.0242 ND ND ND +
Gly-Gly C4H8N2O3 131.0457 ND +++ +++ ++
Gly-Gly-Gly C6H11N3O4 188.0671 + + ++ ++
Gly-Gly-Gly-Gly C8H14N4O5 245.0886 + + + ++
Gly-Gly-Gly-Gly-Gly-Gly C12H20N6O7 359.1315 ++ ++ ++ +
Gly-COCH3 C4H7NO3 116.0348 ++ ++ +++ +++
Gly-Phe C11H14N2O3 222.1005 + + ++ ++
Asp C4H7NO4 132.0297 + + ND +
Asp-Asp C8H12N2O7 247.0566 + + ND ++
Asp-Asp-Asp C12H17N3O10 247.0566 ND ND + +
Glu C5H9NO4 146.0453 + ++ ++ ++
Glu-Glu C10H16N2O7 275.0879 + ND ++ ++
Glu-Glu-Glu C15H23N3O10 404.1305 ND ++ ++ ++
Glu-Glu-Glu-Glu C20H30N4O13 534.1810 ++ ++ ++ ++
Pyruvic acid C3H4O3 87.0082 — + — +
Acetic acid C2H4O2 59.0133 ND ND ND +
Pyroglutamic acid C5H7NO3 128.0348 + + ++ ++

Major peaks: MP, detected area 4200: +++, detected area 20–200: ++, detected area o20: +, and not detected: NDInitial pH: 1.0, [Ala-DKP] = 100 mM
(10 mL), initial temperature: 25 1C, discharge frequency: 50 pps, and discharge time: 3–20 min.

Scheme 1 Estimated reaction mechanism for the accumulation of higher
oligopeptides.
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glycine residues up to the hexamers were detected using LC-MS.
This suggests that oligopeptide elongation proceeds but that
demethylation occurs during or after oligopeptide elongation
from Ala-DKP. In addition, the detection of pyruvic acid and
N-acetylglycine. (Gly-COCH3) indicated that deamination
occurs during irradiation with the discharge plasma. Based
on the products detected by GC, LC, and LC-MS, we proposed a
chemical network pathway for the formation of higher oligo-
peptides with different amino acid residues from Ala-DKP, as
shown in Scheme 1.

In our previous study, we demonstrated a possible scheme
for the formation of Ala-Ala-Ala and Ala-Ala-Ala-Ala from an
Ala-DKP solution that was initially prepared at pH 4.6. In this
study, we identified oligopeptides containing glycine and glu-
tamic acid residues that were not originally added to the
reaction mixture. According to our previous estimation, Ala-
Ala and Ala were formed from the discharge plasma from the
Ala-DKP solution. This would also occur in the present system,
as shown in Scheme 1, where higher alanine residue oligopep-
tides are formed from Ala-Ala and Ala by attacking Ala-DKP.
The formation of Ala and Ala-Ala is preferential as compared
with that at pH 1.7 leading to the higher yields of Ala-Ala-Ala
and Ala-Ala-Ala-Ala. In contrast, we detected evidence of dea-
mination and demethylation based on LC-MS. Thus, it is
reasonable that Gly-DKP, Ala-Gly, and Gly-Gly were formed by
the demethylation of Ala-DKP and Ala-Ala. Higher oligopep-
tides containing glycine residues, such as Gly-Gly-Gly-Gly and
Gly-Gly-Gly-Gly-Gly, are presumably formed by the same mecha-
nism that was proposed for oligopeptides containing alanine
residues, such as Ala-Ala-Ala-Ala. However, it is assumed that
pyruvic acid and N-acetylglycine are formed by the deamination
of Gly-Gly and alanine. Trace amounts of oligopeptides contain-
ing glutamic acid were also detected. Glutamic acid is produced
by the reaction of alanine with a radical formed from glycine by
deamination. Pyroglutamic acid is probably formed by the
dehydration of glutamic acid in local high-temperature envir-
onments owing to the discharge plasma. This theory is reason-
able because the hydrothermal dehydration of glutamic acid is
possible.13 In addition, the elongation of glutamic acid pro-
ceeds via the same mechanism as that of oligopeptides contain-
ing alanine residues. This estimated reaction network was
consistent with the reaction mechanism of Ala-DKP at pH 4.6.
In addition, an extra pathway forming oligopeptides containing
glycine and glutamic acid residues was involved at pH values of
1.0 and 1.7.

Importance of oligopeptide formation from the viewpoint of
chemical evolution on Hadean Earth

Ala-DKP is a stable and terminal product of the chemical
synthesis of oligopeptides in both fundamental and practical
applications. From the viewpoint of origin-of-life studies, the
formation of oligopeptides is normally examined under neutral
pH conditions. In addition, the use of DKP as a reactant for the
formation of higher oligopeptides has rarely been investigated
under simulated primitive Earth conditions.26,27 Thus, the
discovery of an efficient oligopeptide from DKP was impressive.

In addition, it is assumed that the water and ocean were very
acidic (approximately a pH of 1.0) on the early Hadean Earth.28

Acidic conditions would have been present through the accu-
mulation of volcanic gas emissions and thunder discharges,
which is suggested by the present study. These conditions are
generally considered unsuitable for the formation of higher
oligopeptides. In addition, our study provides very suggestive
findings regarding the possibility of chemical environments for
the formation of oligopeptides under very acidic conditions
using DKP. In addition, the reaction mechanism, which pre-
sumably includes the radical process, is not known to be a
general process for oligopeptide formation. Although oligopep-
tides are thought to elongate by the consecutive dehydration of
a single oligopeptide with a single amino acid,11–13 this study
shows an alternative elongation pathway of oligopeptides
through radical intermediates. In addition, this study suggests
the possibility of forming oligopeptides containing a variety of
amino acid residues from DKP and oligopeptides by deamina-
tion and demethylation.

Evaluation of the proposed oligopeptide formation as a green
process

According to our previous study, an inspection of the current–
voltage profile provides valuable information regarding the
reaction mechanisms of thermal or nonthermal plasma. A
detailed comparison of the current–voltage profiles was
attempted between the samples initially prepared at pH values
of 4.6 and 1.0. The current–voltage profiles for the sample
initially prepared at pH values of 4.6 and 1.0 are shown in
Fig. 3. Photographs of the discharge plasma at initial pH values
of 4.6 and 1.0 are shown in Fig. 4. In general, the voltage profile
of the samples at an initial pH of 4.6 showed a small maximum
between 100 and 200 ns, and the current peak mirrors the

Fig. 3 Voltage (blue) and current (red) profiles by irradiation of the nano-
pulsed discharge plasma. Irradiation time: left: before discharge and right:
after 20 min irradiation of the nano-pulsed discharge plasma. Initial pH:
top: 4.6; bottom: 1.0. [Ala-DKP] = 100 mM (10 mL), initial temperature:
25 1C, and discharge frequency: 50 pps.
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voltage peak during the first 100–200 ns after being irradiated with
the nano-pulsed discharge. The voltage initially increased to
approximately 25 kV before decreasing to approximately 15 kV
after being irradiated with the nano-pulsed discharge plasma. The
current remained constant with increasing irradiation times and
two peaks were observed in the current profiles (Fig. 3). The
synchronization of the rapid decrease and increase of the voltage
and current, respectively, indicates an arc discharge plasma for the
sample at an initial pH of 4.6 (Fig. 3). The maximum voltage in the
time range of 100–200 nm and the maximum current at the first
peak are visualized as functions of the discharge time in Fig. S3
(ESI†). The fact that the peak voltage decreased after 10–20 min of
discharging indicates the occurrence of a dielectric breakdown by
the repetitive irradiation of the nano-pulsed discharge plasma. This
could be due to the increase in the acidity, temperature, and
humidity in the reactor vessel, where steam may supply electrons.

However, the profiles of the solutions prepared initially at
pH 1.0 are different from those initially prepared at pH 4.6. The
current–voltage profiles at pH 1.0 reflect an arc discharge,
where the voltage was considerably smaller and the current
was greater than those at pH 4.6. The peak voltage at pH 1.0,
which remained constant after 10–20 min of discharge irradia-
tion, was significantly lower than that at the initial pH of 1.0. In
addition, the magnitude of the current at an initial pH of 1.0 is
greater than that at an initial pH of 4.6 and increased with
increasing discharge times. At pH 1.0, the conductivity of the
solution increases owing to the formation of nitric acid, which
causes a dielectric breakdown.29 At the same time, the current
profile at pH 1.0 indicates that the current flows preferably to
the aqueous phase rather than to the ground electrode.

The current–voltage profile for the sample at an initial pH of
4.6 is similar to that at an initial pH of 1.0. There is an
approximate trend for the peak current–voltage profile for the
sample at an initial pH of 4.6 as it becomes similar to that of
the sample at an initial pH of 1.0 owing to a decrease in the pH
due to the formation of nitric acid.

Discharge energy balance estimation

The energy supplied by a single-pulse shot can be calculated as
a function of the discharge time according to eqn (1), where

P, V, I, and E indicate the electric power, voltage, current, and
energy, respectively. The relationship between the energy of a
single pulse and the irradiation time is shown in Fig. S4 (ESI†).

P = V � I (1)

E ¼
Ð
VIdt (2)

In general, the discharge energy supplied at pH 1.0 is much
greater than that at pH 4.6. This is consistent with the assump-
tion that a dielectric breakdown readily occurs at pH 4.6. The
energy supplied by the discharge plasma for the sample at an
initial pH of 4.6 increased with increasing irradiation times.
The energies of a single-pulse shot at irradiation times of 0 and
20 min were 8.7 and 38.1 mJ, respectively. Although the peak
voltage at 0 min was higher than that at 20 min, the current–
voltage profile showed a less overlap of the current and voltage
at 100–200 ns, indicating a low-energy supplement. In addition,
the energy for a single-pulse shot was in the range 85–90 mJ for
the samples with an initial pH of 1.0. The magnitude is greater
than that for samples at an initial pH of 4.6 and the energy for
samples at an initial pH of 4.6 becomes closer to that at pH 1.0
with increasing irradiation times. This suggests that the effi-
ciency of the discharge plasma for samples at an initial pH of
1.0 is higher than that at pH 4.6, and the efficiency for samples
at pH 4.6 increases with increasing irradiation times by the
formation of nitrate.

The energy balance, which is converted into heat accumu-
lated in an aqueous solution, can be estimated based on the
magnitude of a single-pulse shot. The heat energy obtained
from the aqueous solution (10 mL) was calculated to be 787 J.
The estimated value of a single-pulse shot at an irradiation time
of 10 min (21.2 mJ per shot) was approximately applied as an
average value based on the straight line of the relationship
between the energy of a single-pulse shot and the irradiation
time (Fig. S4, ESI†). The total number of shots for 20 min of
irradiation with 50 pps is 60 000 shots, so the energy supply
from the nano-pulsed discharge is 1274 J. According to this
calculation, at least 62% of the energy of a discharge plasma
was used for heating the aqueous solution because the release
of heat into the atmosphere was not considered. The estima-
tion of the energy supplement efficiency for chemical processes
is important.

Conclusions

In this study, we identified an efficient pathway for oligopeptide
formation using pulsed discharge plasma. The conversion of
Ala-DKP to Ala-Ala and Ala-Ala-Ala at pH 1.0 exceeded 60%. This
is very high compared to other environmentally friendly pro-
cesses for the formation of oligopeptides,11–13,30 where the
formation of DKP is advantageous for the formation of oligo-
peptides and does not inhibit oligopeptide elongation.31 From
the viewpoint of chemical evolution on the Hadean Earth, this
study demonstrated the importance of a continuous energy
supply for the formation of biomolecules under prebiotic
conditions. In addition, the fact that the experimental setup

Fig. 4 Observation of lightning by the discharge plasma for samples at
different initial pHs. Initial pH: left: 4.6 and right: 1.0, [Ala-DKP] = 100 mM
(10 mL), initial temperature: 25 1C, discharge frequency: 50 pps, and
discharge time: 20 min.
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using nano-pulsed discharge plasma is reproducible shows that
this type of plasma discharge is a very useful experimental
approach for both the fundamental and practical investigation
of oligopeptides in aqueous solutions. This finding contrasts
with the fact that the formation of DKP is regarded as a barrier
to the elongation of higher oligopeptides. Furthermore, this
process proceeded under highly acidic conditions. These find-
ings would provide useful insights into the chemical evolution
of oligopeptides and the development of environmentally
friendly oligopeptide formation processes.
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