Journal of Chromatographic Science, 2016, Vol. 54, No. 8, 1301–1309
doi: 10.1093/chromsci/bmw073
Advance Access Publication Date: 4 May 2016

Article

Spontaneous Pulsation of Peptide
Microstructures in an Abiotic Liquid System
Anna Maciejowska1, Agnieszka Godziek1, Ewa Talik2,
Mieczysław Sajewicz1, Teresa Kowalska1,*, and Irving R. Epstein3
1

Department of General Chemistry and Chromatography, Institute of Chemistry, University of Silesia, 9 Szkolna Street,
Katowice, Poland, 2Department of Physics of Crystals, University of Silesia, 4 Uniwersytecka Street, 40-007 Katowice,
Poland, and 3Department of Chemistry, Brandeis University, MS 015, Waltham, MA 02454-9110, USA
*Author to whom correspondence should be addressed. Email: teresa.kowalska@us.edu.pl
Received 17 July 2015; Revised 19 March 2016

Abstract
We report observations of pulsating peptide formation and depeptidization in 70% aqueous acetonitrile solutions of L-Pro-L-Phe and L-Cys, resulting in the oscillatory appearance and disappearance of
solid masses of microﬁbers and microspheres, respectively. We monitor the concentration changes
of the monomeric amino acids by high-performance liquid chromatography. The concentration of all
amino acid solutions used is 1.0 mg mL−1, due to solubility limitations in 70% aqueous acetonitrile.
The nonlinear concentration changes of L-Pro, L-Phe and L-Cys, and the amounts of the main peptidization products observed within our monitoring periods (for L-Pro–L-Phe, 250 h, and for L-Cys, 70 h)
are typically from several to 20% of the original monomer concentrations. We follow the formation
and decay of the insoluble peptides by turbidimetry. We also investigate the materials formed using
scanning electron microscopy and mass spectrometry. We carry out numerical simulations on a simple model that reﬂects the main features of spontaneous pulsation of peptide ﬁber or sphere formation in this abiotic liquid system.

Introduction
The formation of oligomers and polymers from monomeric building
blocks is one of the key steps in most scenarios proposed for the origin
and evolution of life. In particular, the formation of peptides from
amino acids is of considerable interest, as is the question of how a preference for a single chirality may have developed in the earliest life
forms.
In earlier work, we reported the spontaneous oscillatory chiral
conversion of several classes of monomeric species (1–3), including
amino acids (4), after a period of storage in aqueous or nonaqueous
solvents. Two general schemes have been suggested to explain chiral
conversion of such compounds, depending on the polarity of the solvent. In aqueous solutions, the assumed conversion pathway is via the
enolate ion (5), and in anhydrous media or in the presence of small
amounts of water, the probable mechanism of chiral conversion is
via the enol structure (6).
Our earlier investigations revealed that the oscillatory chiral
conversion of low molecular weight carboxylic acids occurs in parallel

with oscillatory condensation. The parallel processes of chiral conversion and peptidization of amino acids can be illustrated by Scheme 1 (7).
In seeking to understand oscillatory condensation in three binary
amino acid systems (L-Pro–L-Hyp, L-Pro–L-Phe and L-Hyp–L-Phe) dissolved in aqueous organic solvents (8, 9), we developed a theoretical
model (8) of spontaneous peptidization in binary amino acid systems
that include heteropeptide formation. The model allows for various
degrees of cooperativity and control of the dynamics by one or both
monomeric species.
To date, our experimental studies of spontaneous oscillatory chiral
conversion and oscillatory condensation have been carried out in
single-phase liquid systems, and our only analytical tool to monitor
the changing concentration of the starting reagent(s) (e.g., an optically
pure enantiomeric amino acid) has been high-performance liquid
chromatography (HPLC). We have noted, however, that longer (several weeks or months) storage periods of such compounds can result in
precipitation of higher n-mers as peptide nano- and microstructures,
insoluble in our solvent system. In the two-phase systems thus formed,
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Scheme 1. Chiral conversion and peptidization of an amino acid molecule running in the parallel.

additional analytical tools such as scanning electron microscopy, mass
spetroscopy and turbidimetry can be utilized to characterize and monitor the solid particles. A preliminary study employing these additional
analytical tools to investigate an apparent instability of the higher peptide n-mers was presented in paper (10). Stability, or at least controllable behavior, of peptide nano- and microstructures is an issue of vital
importance, especially from the perspective of biotechnology. Short,
linear self-assembling peptides with predictable behavior should be attractive as building blocks for nanodevices (11) such as nanocarriers
for drug delivery or scaffolds for tissue engineering. The selfassembling properties of diphenylalanine (12), which is a fragment
of the Alzheimer’s β-amyloid protein, are of particular interest. On
the other hand, reports have recently appeared of biocatalyzed dynamic instability of peptide nanoﬁbers (13), and of the destructive role of
certain solvents ( particularly water and lower aliphatic alcohols), undermining the stability of diphenylalanine nanotubes (14, 15).
The aim of the present study is to systematically investigate the dynamics of the long-term peptidization of a binary amino acid sample
(L-Pro–L-Phe) and a single amino acid sample (L-Cys) in an abiotic solution (70% acetonitrile + 30% water), in which accumulation of insoluble nano- and microstructures is observed. In both samples, we ﬁrst
noticed visually, and then conﬁrmed by turbidimetry, spontaneous
pulsations of sequentially increasing and decreasing amounts of
solid. To our knowledge, this is the ﬁrst systematic investigation of
such an effect in an abiotic liquid system. Schematic illustration of a
reversible change from a lower molecular weight soluble species
(fully dissolved in the one-phase system) to a higher molecular weight
insoluble species is given in Figure 1 , along with snapshots of the oneand two-phase systems.

Experimental
Reagents
L-Proline (L-Pro), L-phenylalanine (L-Phe)

and L-cysteine (L-Cys) were
purchased from Sigma-Aldrich, Merck and Reanal, respectively. All
amino acids were of analytical purity, acetonitrile was of HPLC purity
(J.T. Baker) and water was deionized and double distilled by means of
an Elix Advantage Millipore system.
The binary L-Pro–L-Phe solution in 70% aqueous acetonitrile used
in the 250 h (“short”) chromatographic experiment had a

Figure 1. Schematic illustration of pulsating instability of peptide nano- and
microstructures as a reversible change from a lower molecular weight
soluble species (dissolved in the one-phase system) to a higher molecular
weight insoluble species ( precipitated to give a two-phase system).

concentration of 1.0 mg mL−1 (8.69 × 10−3 mol L−1) L-Pro and 1.0
mg mL−1 (6.05 × 10−3 mol L−1) L-Phe. The binary L-Pro–L-Phe solution in 70% aqueous acetonitrile stored for up to 1 year (“long”
term) and used for the mass spectrometric, scanning electron microscopic and turbidimetric measurements had a concentration of 10 mg
mL−1 (8.69 × 10−2 mol L−1) L-Pro and 10 mg mL−1 (6.05 × 10−2 mol
L−1) L-Phe. The L-Cys solution in 70% aqueous acetonitrile (stored for
up to 26 days and used for all measurements) had a concentration of
0.7 mg mL−1 (5.77 × 10−3 mol L−1). All samples were stored at
21 ± 1°C.

High-performance liquid chromatography with
evaporative light scattering detection
We employed high-performance liquid chromatography with evaporative light scattering detection (HPLC-ELSD) to separate peptides
from monomeric amino acids. The analyses were carried out using a
Varian model 920 liquid chromatograph equipped with a 900-LC autosampler, gradient pump, 380-LC ELSD detector and Pursuit 5 C18
(5 μm particle size) Varian column (250 × 4.6 mm i.d.) for L-Pro–
L-Phe, ThermoQuest Hypersil C18 column (150 × 4.6 mm i.d.; 5 µm
particle size) for L-Cys and Galaxie software for data acquisition
and processing. The chromatographic columns were thermostatted
at 35°C using a Varian Pro Star 510 column oven.
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Figure 2. Examples of chromatograms obtained for the L-Pro–L-Phe system after (a) 4.00 h, (b) 28.20 h, (c) 74.40 h and (d) 206.80 h sample aging. (1) Pro, (2) Phe and
(3) the main peptidization product.

Figure 3. Time series of chromatographic peak heights for L-Pro, L-Phe and the
main peptidization product in an L-Pro–L-Phe solution in 70% aqueous
acetonitrile (registered over the course of 250 h). Plot fragment marked with
an oval shows the time range with a simultaneous decrease of the Pro and
Phe concentrations and an increase of the main peptidization product
concentration (9).

With the L-Pro–L-Phe sample, chromatographic analyses were carried out for 250 h at 20-min intervals in the isocratic mode. We used
30 μL sample aliquots and a methanol–water (40 : 60, v/v) mobile phase
at a ﬂow rate of 0.25 mL min−1. With L-Cys, the chromatographic analyses were carried out for 95 h at 10-min intervals in the isocratic mode
using 10 μL sample aliquots and a methanol–water (80 : 20, v/v) mobile
phase at a ﬂow rate of 0.80 mL min−1. In both cases, relatively short
sampling time intervals were chosen in order to derive quasi-kinetic information about the oscillatory peptidization.

Figure 4. Time series of chromatographic peak heights for L-Cys and the main
peptidization product in an L-Cys solution in 70% aqueous acetonitrile solution
(registered in the range of 25–95 h). Plot fragment marked with an oval shows
the time range with a simultaneous decrease of the Cys concentrations and an
increase of the main peptidization product concentration (16).

Mass spectrometry
All mass spectra were recorded in the positive ionization mode on a
Varian MS-100 mass spectrometer (extended ESI-MS scan, positive
ionization, spray chamber temperature 50°C, drying gas temperature
250°C, drying gas pressure 25 psi, capillary voltage 50 V, needle
voltage 5 kV) for the 70% aqueous acetonitrile solutions of L-Pro–
L-Phe and L-Cys, which contained the soluble peptide fraction only
(the self-assembled microparticle suspensions were separated by
sedimentation).
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Figure 5. (A, a) Volumetric ﬂask with Pro–Phe ﬁbers suspended in solution; (b) the Pro–Phe ﬁber sediment in a vial turned upside down. (B, a–f ): Scanning electron
micrographs of Pro–Phe ﬁbers from the solution residue evaporated to dryness, with a magniﬁcation of (a) ×2,700, (b) ×800, (c) ×13,000, (d) ×300, (e) ×1,300 and (f)
×30,000. In (c) and (f ), the diameters of certain ﬁbers are indicated.

Scanning electron microscopy
Visualization of nano- and microparticles was performed with a JEOL
JSM-7600F model scanning electron microscope (SEM). With the
Pro–Phe sample after a 1-year aging period and with Cys after 2
weeks of aging, visualization was performed for microparticles obtained from the respective solutions evaporated to dryness.

storage periods of 1 year and 2 weeks, respectively, following the procedure described in detail in reference (10). These tests revealed no
DNA in our samples, and we therefore concluded that they were
free of any microorganisms.

Results
Turbidimetry
To obtain quantitative measurements of the nonlinear ( pulsating) behavior of peptide nano- and microstructures, we performed measurements with a turbidity sensor (TRB-BTA, Vernier Software &
Technology, Beaverton, OR, USA) that allowed continuous monitoring of turbidity. For these experiments, ∼15 mL aliquots of the
Pro–Phe and Cys solutions in 70% aqueous acetonitrile were freshly
prepared and placed in the instrument vials. In both cases, the respective turbidity changes were continuously registered for 26 days.
To conﬁrm the qualitative reproducibility of the results, the turbidity
measurements were repeated twice.
As the amino acid samples were dissolved in 70% aqueous acetonitrile, the stability of the turbidity was controlled for water, acetonitrile and 70% aqueous acetonitrile as reference solvents over the
course of 1 day. In each case, the turbidity was quite stable.
Finally, we performed microbiological tests for the possible presence of microorganisms in the Pro−Phe and Cys liquid samples after

This study focuses mainly on the long-term aging of binary (L-Pro–
L-Phe) and single (L-Cys) amino acid samples in an abiotic aqueous
acetonitrile solution and, more speciﬁcally, on spontaneous formation
of peptides up to the point of them becoming insoluble and hence precipitating. The shift from a homogeneous one-phase liquid system to
an inhomogeneous two-phase liquid–solid system with insoluble higher molecular weight species ﬂoating in the solution revealed the intermittent formation and decay of higher peptides, as shown in Figure 1.
We therefore sought to characterize this phenomenon by monitoring
concentration changes of the monomeric amino acids in a short-term
aging experiment by HPLC-ELSD (which is a challenging analytical
task, due to the almost instantaneous appearance of peptides in gradually aging solutions and, consequently, to the need to separate them
from the monomeric species, which is far from easy (16)). Examples of
chromatograms that illustrate how we monitored concentration
changes of the monomeric amino acids and the almost instantaneous
appearance of peptide in a short-term aging experiment are shown in
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is in the range of 14.46–15.81 min and that of the main peptidization
product lies between 13.31 and 14.17 min. To obtain quasi-kinetic
results, we had to keep the time for each chromatographic run
short (20 min), and we took the chromatographic peak heights as proportional to the respective concentrations of Pro, Phe and the main
peptidization product. In Figure 3, we show time series of these chromatographic peak heights for the three species considered. From the
shape of the three plots, the nonmonotonic character of the concentrations of Pro, Phe and the main peptidization product over the course of
the 250 h measurement is evident. We have marked with an oval the
most dramatic period, during which the concentrations of both amino
acids decrease, while the concentration of the main peptidization
product increases. This interdependence between the dynamics of
the monomeric amino acid concentrations and that of the main peptidization product is probably due to formation of the heteropeptide.
However, the shapes of these two plots are not “mirror images” over
the entire time range because the two monomeric amino acids also
produce smaller quantities of other peptides in addition to the main
peptidization product but at different rates (as we demonstrate later
with mass spectra).

Figure 6. Mass spectra recorded for (a) fresh and (b) the 1-year-old Pro–Phe
solution in 70% aqueous acetonitrile, and possible structures attributed to
selected signals.

Figure 2 for the binary L-Pro–L-Phe system. The chromatograms in this
ﬁgure demonstrate that in order to obtain results of quasi-kinetic signiﬁcance (i.e., with sampling at 10- or 20-min intervals), we were
forced to compromise the quality of peak resolution. However, deconvolution of the partially overlapping bands enables reliable estimation
of the peak heights, and consequently, of the concentration changes of
all monomeric α-amino acids of interest. Additionally, we examined
the peptides from the long-term experiment using scanning electron
microscopy and mass spectrometry. We employed a turbidimeter in
a continuous registration mode to follow the pulsation resulting
from the repeated appearance and disappearance of solid precipitate.
The results of these measurements are discussed below.
We note that this study is meant as a methodological example of
the application of chromatography to the challenging physicochemical
task of monitoring spontaneous nonlinear processes. Such an approach is likely to be of interest not only for chromatographers but
also for those involved in tracing nonlinear processes, who are limited
by a lack of adequate analytical tools.

Short-term measurements of condensation dynamics
Pro–Phe
We studied earlier the dynamics of monomeric L-Pro and L-Phe in the
binary L-Pro–L-Phe system with the use of HPLC-ELSD (9), which we
summarize brieﬂy here. Under our experimental conditions, the retention time (tR) of Pro falls in the range of 12.04–12.78 min, that of Phe

Cys
Analogous results for L-Cys have been presented in ref. (17) and are
summarized here. The retention time (tR) of Cys is in the range of
3.97–4.23 min and that of its main peptidization product is in the
range of 3.76–4.00 min. In Figure 4, we show a time series of chromatographic peak heights for monomeric Cys and its main peptidization product. The oscillatory changes in the concentrations of
monomeric cysteine and its main peptidization product are evident.
Again, we have marked with an oval a period during which the concentration of monomeric Cys decreases, while that of its main peptidization product increases. This interdependence apparently results
from the consumption of Cys to give the main peptidization product.
However, various other peptide types are formed simultaneously at
lower concentrations and with different kinetics, so that the interdependence between the time course of Cys and that of its main peptidization product varies over the course of our experiment.

Long-term measurements of condensation dynamics
Pro–Phe
After 1 year in the calibration ﬂask at 21 ± 1°C, the initially homogeneous Pro–Phe sample (with 10 times higher initial concentrations of
L-Pro and L-Phe than in the short-term study) became a heterogeneous
suspension, with white ﬁbers freely ﬂoating therein (Figure 5A(a)).
This observation is consistent with our earlier experience with the
long-term aging of chiral carboxylic acids in solution (18), which
also generated high condensation yields and macroscopic effects perceptible upon visual inspection. Remarkably, the amount of ﬁbers perceptibly ﬂuctuated from low to high, and then back to low. An
agglomeration of the ﬁbers captured near the moment of their highest
abundance is shown in Figure 5A(b).
To gain deeper insight into the structure of the ﬁbers generated in
the solution, we took a series of SEM images from the solution residue
evaporated to dryness. Selected micrographs are shown in Figure 5B.
From the micrographs in Figure 5B(a–e), it is evident that the observed
microﬁbers are in fact self-assembled nanoﬁber bundles stuck together, in a fashion resembling spaghetti bunches (occasionally leaving
hollow spaces between neighboring ﬁbers). These nano- and microﬁber structures resemble those seen in SEM images in other studies of
peptide assemblies (13, 19). We suggest that the visually perceptible
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Figure 7. (A) Volumetric ﬂask with Cys-derived microstructures suspended in solution. (B, a–f ) Scanning electron micrographs of Cys microstructures from the
solution residue evaporated to dryness, with a magniﬁcation of (a) ×1,000, (b) ×3,000, (c) ×2,300, (d) ×3,300, (e) ×5,500 and (f) ×3,300.

ﬁber formation and decay result from the stepwise attainment of a critical number of condensed monomer amino acid units, above which
peptides at sufﬁciently high concentration become insoluble in 70%
aqueous acetonitrile, precipitating in ﬁber form. Spontaneous hydrolytic decay reduces the number of condensed monomeric units below
the solubility level, allowing them to redissolve. This mechanism generates the observed pulsation of ﬁber density (as shown schematically
and in snapshots in Figure 1).
To provide more direct evidence of peptide formation, we utilized
mass spectrometry. Mass spectra were recorded for the freshly prepared and the aged Pro–Phe solutions in the extended range from
100 to 3,500 m/z. Examples are shown in Figure 6(a and b). In the
mass spectrum of the freshly prepared Pro–Phe solution (Figure 6a),
the two predominant signals are those originating from the amino
acids of interest. One of them can be attributed to the [Pro]+ ion
(m/z 115; 3.5 kCounts signal intensity) and the other to the [Phe3+2H]2+ ion (m/z 231; 1.4 kCounts signal intensity). In the mass spectrum of the Pro–Phe solution that was aged for 1 year, an abundance
of signals can be seen. We attribute structures to several of those with
the highest intensities in the inset to Figure 6b.

Cys
The spontaneous peptidization of L-Cys is faster than that of L-Pro–
L-Phe. Hence, we were able to observe pulsation of the Cys-derived

peptide suspension after a relatively short period of 2 weeks. A volumetric ﬂask containing a relatively high yield of this suspension is
shown in Figure 7A. To investigate the microstructures in more
depth, we evaporated an aged Cys solution to dryness and took a series of SEM images. The micrographs in Figure 7B show clear evidence
of globular nanoparticle assemblies. The globular form, which resembles that of other self-assembled Cys-derived peptides (20), probably
results from the availability of three functionalities per cysteine molecule, i.e., –COOH, –NH2 and –SH (when compared with two functionalities per proline and phenylalanine molecule, resulting in
linear peptides).
Mass spectra of the fresh and the aged Cys samples are shown in
Figure 8(a and b) in the extended range from 100 to 3,500 m/z. A mass
spectrum of freshly prepared Cys solution is shown in Figure 8a; the
predominant signal originates from the [Cys]+ ion (m/z 121; 12.8
kCounts signal intensity). Although aging of the Cys solution lasted
only 2 weeks, in that time the signal intensity of [Cys]+ dropped to
12.3 kCounts, and non-negligible amounts of the aging products appeared with m/z values around and above 3,000 (Figure 8b). We have
attributed peptide structures to selected signals in this spectrum as
summarized in the inset to this ﬁgure. The relatively intense signals
at m/z values of 2,780 (2.3 kCounts) and 3,296 (3.9 kCounts) correspond, respectively, to the [Cys26+H]+ ion (20 peptide bonds and 5 disulﬁde bonds) and the [Cys31+H]+ ion (25 peptide bonds and 5
disulﬁde bonds).
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Modeling
In an effort to understand oscillatory behavior observed in the oligomerization of lactic acid, we developed a simple model based on the
key hypothesis that oligomers can assemble to form an aggregate
that is capable of serving as a template for the formation of more aggregates (21). We subsequently extended the model to treat oscillatory
condensation found in mixtures of L-proline and L-hydroxyproline
(8). Because we lacked kinetic data about the individual steps of the
oligomerization and aggregation processes, we employed a coarsegraining procedure (22) that treats each of these multistep processes
as a single pseudo-step characterized by an effective species size and
rate constant. The rate constants, which are effectively averages over
multiple elementary steps involving oligomers and aggregates of different sizes, were obtained by varying these parameters until rough
qualitative agreement with the experimental turbidity data, particularly the typical length of an oscillatory cycle, was obtained. Given the
crudeness of the model and the high variability of the data, no attempt
at more detailed ﬁtting was made.
With a slight modiﬁcation of the notation employed in our earlier
work, the basic model consists of the following equations:
n1 M ! P rate ¼ ko M ðoligomerizationÞ
n2 P ! C rate ¼ ku P

ðuncatalyzed aggregationÞ
2

2C þ n2 P ! 3C rate ¼ kc C P ðcatalyzed aggregationÞ
C ! products

Figure 8. Mass spectra recorded for (a) the fresh and (b) the 2-week-old Cys
solution in 70% aqueous acetonitrile, and possible structures attributed to
selected signals.

Turbidity changes recorded for the Pro–Phe and Cys systems in the
continuous registration mode are shown in Figure 9(a and b). From
these data, it is evident that the dynamics of the turbidity changes differ between the Pro–Phe (Figure 9a) and the Cys (Figure 9b) systems.
This is apparently due to the different molecular structures of the three
amino acids involved, with three functionalities able to participate in
peptidization of each Cys molecule versus two functionalities per Pro
or Phe molecule. As controls, we present the time dependence of the
turbidity for water, acetonitrile and 70% aqueous acetonitrile over
24 h (Figure 9c). The stable turbidity values for all three solvents are
quite different from the dynamic behavior of the amino acid solutions.
We interpret increases in turbidity to correspond to growing amounts
of nano- and microparticles suspended in the solution, owing to the
progress of the peptidization process. A decrease in turbidity can
arise from dissociation of higher, insoluble peptides to lower, soluble
ones, and/or from sedimentation of the higher insoluble peptides at the
bottom of the measuring vial. Although more complex interpretations
are possible, it is evident that, in amino acid solutions stored for long
periods of time, the peptidization process progresses in a nonmonotonic fashion, with sequentially increasing and decreasing amounts
of insoluble peptides suspended in the liquid phase and responsible
for the pulsation effect.

ð2Þ
ð3Þ
ð4Þ

Here, M represents monomers (amino acid molecules), P stands for a
typical oligomeric peptide of average length n1 and C is a typical catalytic aggregate, which contains, on average, n2 oligomers. In the early
stages, monomers form peptides, which slowly aggregate. Once the
templating species, C, is formed, the aggregation process becomes autocatalytic. Aggregates can decay into products, which are assumed
not to play a role in the dynamics.
To account for the formation of solid nanoﬁbers, we introduce two
additional steps:
2C ! F

Turbidimetry

rate ¼ kd C ðdecompositionÞ

ð1Þ

rate ¼ kf θðC  Ct ÞC2

ð fiber formationÞ

F ! 2C rate ¼ kr ½1  θðC  Ct ÞF ð fiber redissolutionÞ

ð5Þ
ð6Þ

where F represents nanoﬁbers and θ is the Heaviside step function,
which is 1 if its argument is positive and 0 if it is negative or zero.
Thus, ﬁber formation occurs only when the concentration of aggregates exceeds a critical value, Ct, and any ﬁbers present redissolve if
C lies below this threshold. The use of the step function is similar to
the procedure employed in some models of Liesgang band formation
(23). Equations (1–6) enable us to simulate the behavior of a solution
of a single amino acid, e.g., our cysteine system. Figure 10a shows the
result of such a simulation.
To treat a mixture of amino acids, we employ a set of six equations,
analogous to Eqs. (1)–(6), for each of the monomers M1 and M2,
and the species that result from it. In addition, we allow the two
peptides to interact via cross-catalysis (8), whereby aggregates of one
monomer can catalyze the aggregation of oligomers of the other
monomer, e.g.,
2C1 þ n22 P2 ! 2C1 þ C2
ð1  2 cross catalysisÞ

rate ¼ kcc1 C21 P2

ð7Þ

Interchanging indices 1 and 2 gives the equation describing catalysis of species 1 aggregation by species 2. In Figure 10b, we present the
results of a simulation in which only species 1 (Pro) catalyzes the
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Figure 9. Turbidity changes (in nephelometric turbidity units, NTU) for (a) a Pro–Phe solution (10) and (b) a Cys solution between 0 and 26 days. Insets emphasize the
nonmonotonic nature of turbidity changes in shorter time intervals. (c) Turbidity changes (in nephelometric turbidity units, NTU) for acetonitrile (ACN), water (H2O)
and 70% aqueous ACN registered for 24 h.

aggregation of species 2 (Phe), i.e., Eq. (7) is included, and kcc2 = 0.
Qualitatively similar results can be obtained by allowing mutual crosscatalysis.
In both cases, we note the relatively smooth oscillation of the oligomer concentration and the more irregular, spiky nature of the oscillations in the amount of nanoﬁber, consistent with our observations.
At long time periods, the oscillations damp out and the concentration
of nanoﬁbers builds up to a steady state. The simulated nanoﬁber concentration is, as expected, smoother than the turbidimetric measurements because the simulations give a spatial average over the entire
sample as opposed to the local sampling of the turbidimeter.

Discussion
The HPLC-ELSD technique used in this study can be regarded as a
ﬁrst-choice instrumental option to reveal nonlinear concentration
changes of the monomeric amino acids and the lower soluble peptides
present in the liquid phase. The turbidity results presented in this study
are complementary to those obtained with HPLC-ELSD in that they
reﬂect nonlinear changes in the amounts of higher insoluble peptides.
SEM enables visualization of insoluble peptides and visual comparison thereof with analogous structures available from the literature.

MS provides the data that allow structural characterization of at
least some peptidization products. Modeling provides theoretical justiﬁcation of spontaneous pulsation of peptide microstructures visualized with the use of SEM and turbidimetry, anticipating physical
phenomena traced with the use of HPLC-ELSD.

Conclusion
To our knowledge, this study represents the ﬁrst systematic investigation of spontaneous uncatalyzed pulsation of peptide nano- and microstructures in an abiotic liquid system. The multiple analytical
techniques employed, bolstered by our model simulations, strongly
support the notion that peptide nano- and microparticles may form
and decompose in an oscillatory fashion. More detailed study of
both the structural and kinetic aspects of this system is clearly necessary before more precise conclusions can be formed. Nonetheless, the
results obtained provide potential clues to processes that may be of importance in biotechnology, where the formation of such particles may
need to be taken into account in designing and controlling processes,
and in the origin of life, where ﬁbrous materials generated from simple
biomonomers might provide a vehicle for compartmentalization and/
or catalysis.
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Figure 10. Simulation of oscillations in the concentrations of oligomers and
nanoﬁbers in solutions initially containing amino acids dissolved in 70%
acetonitrile. (a) Cys solution with initial [Cys] = 5.77 × 10−3 mol L−1. Black
trace shows concentration of oligomers; gray trace is 100 × concentration of
nanoﬁbers. Parameters in Eqs (1–6): k0 = 2.25 × 10−7 s−1, ku = 3.0 × 10−7 s−1,
kc = 6.3 × 105 M−2 s−1, kd = 7.5 × 10−5 s−1, kf = 6.0 × 10−4 M−1 s−1, kr = 1.2 ×
10−5 s−1, n1 = 3, n2 = 6 and Ct = 2.0 × 10−5 M; (b) Pro–Phe solution initially
containing 8.69 × 10−2 mol L−1 Pro and 6.05 × 10−2 mol L−1 Phe. Upper and
lower black traces are concentrations of Pro and Phe oligomers, respectively.
Gray trace is 50× total concentration of nanoﬁbers (Pro + Phe). Parameters in
Eqs (1–7) (subscript 1 refers to Pro, subscript 2 to Phe): k01 = 1.0 × 10−7 s−1,
ku1 = 3.5 × 10−7 s−1, kc1 = 1.8 × 103 M−2 s−1, kd1 = 3.5 × 10−5 s−1, kf1 = 7.0 ×
10−5 M−1 s−1, kr1 = 7.0 × 10−5 s−1, n11 = 5, n21 = 8, Ct1 = 5.0 × 10−4 M, k02 = 1.7 ×
10−7 s−1, ku2 = 5.5 × 10−7 s−1, kc2 = 4.2 × 103 M−2 s−1, kd2 = 5.0 × 10−5 s−1,
kf2 = 7.0 × 10−5 M−1 s−1, kr2 = 7.0 × 10−5 s−1, n1 = 3, n2 = 6, Ct2 = 2.0 × 10−4 M,
kcc1 = 1.7 × 102 M−2 s−1.
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