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ARTICLE INFO ABSTRACT

Keywords: This study analyzes light modulation of spiking in proteinoids, thermally condensed proteins exhibiting spike

The""‘al_PmtemS dynamics. We elucidate how light induces changes in proteinoids, modulating spike frequency. Results show

PMrf)telnol:ds proteinoids’ spiking can be adjusted by light intensity and wavelength. Structural investigations demonstrate
1crospheres

light triggers conformational changes influencing spiking kinetics. Spiking proteinoids can perform Boolean
logic, generating programmable expressions in response to light input modifications. This reveals potential
unconventional computing applications. Our comprehensive analyses establish a fundamental understanding
of light’s impact on proteinoids’ structure and protrusion dynamics, facilitating optically programmed bio-logic
gates. Outcomes will catalyze future research into light-modified proteinoids for information processing and
unconventional computation. In summary, this study provides key insights into light modulation of proteinoids’
spiking behaviour, enabling novel optically controlled bio-logic gate operations and motivating continued efforts
to integrate photo-responsive proteinoids in bioinspired computational systems.

Unconventional computing

1. Introduction

Proteinoids, or thermal proteins, produced from the thermal con-
densation of amino acids up to their melting points. The development
of unconventional computing can be facilitated by the self-organisation,
reproduction, and light-triggered oscillations that biological molecules
like proteinoids can present [1], [2], [3] [4], [5], [6]. The morphology
of proteinoids can be modified under light exposure. FM, or frequency
modulation [7], is used in telecommunications, radio broadcasting, sig-
nal processing, and computing. This method seems advantageous with
respect to amplitude modulation because it can be used for higher
signal-to-noise ratio oscillations, and it is easier to remove unwanted
signals. The manipulation of the properties of proteinoids using light
for unconventional computing is a fascinating subject. Incorporating
proteinoids may boost the speed and effectiveness of supercomputing
systems [8]. On the other hand, proteinoids can be used as highly sen-
sitive optical sensors and/or logical gates that can process data [9].
Our research focuses on exploring the adaptability of electrical signal
frequency when exposed to various proteinoids, including L-Glu:L-Phe,
L-Glu:L-Phe:L-His, L-Phe:L-Lys, and L-Asp. The effect of cold white and
black light exposure duration on modulation will also be investigated.

The regulation of proteinoids and the spatial arrangement of reg-
ulators during bacterial cell division have been investigated by Shen
et al. [10] and Loose et al. [11]. The research was about the effects
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of surface waves and nucleoid-associated factors on Escherichia coli.
Moreover, light-based modulation has gained significant attention as
a potential method for controlling and manipulating proteins. Gill et
al. [12] aimed to investigate the modulation of proteins through op-
togenetics using light-responsive nanobodies that have been developed
as a means of regulating proteins in living cells. The system was con-
structed using a protein of interest, a light-responsive nanobody, and a
regulatory component. The binding of the nanobody to the target pro-
tein was controlled using a fluorophore [13] that can be switched on
and off by a light source. The activity of the target protein was altered
using light, resulting in either an increase or decrease in activity.

Zeng and colleagues examined the impact of light on proteins that
naturally form in living cells [14]. Moreover, Sung et al. conducted
research on using optogenetics to activate intracellular antibodies and
directly modify endogenous proteins in live cells [15]. They developed
a system of intracellular antibodies that can be activated by light. By
using this method, intracellular antibodies can more easily attach to the
specific targets they are designed to bind to. When these antibodies are
exposed to light, they cause a change in the shape of the protein they
are targeting. This change can either turn on or turn off the protein’s
activity.

It has been shown that light may successfully regulate the frequency
of proteins in live cells, activating or carrying out specific functions.
Furthermore, we can use light of various wavelengths to release or acti-
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vate small molecules that communicate with proteins, such as enzymes,
receptors, ion channels, transcription factors, and kinases [16].

Scientists have been exploring a captivating new area of research
in synthetic biology, which involves developing computers using
biomolecules [17], [18]. Building and expanding circuits of this nature
can be an overwhelming task. DNA-based strand displacement reac-
tions are currently the most powerful molecular circuits [19] that have
been discovered. The circuits have certain limitations when it comes to
biological systems since it’s difficult to genetically encode their compo-
nents [20]. Moreover, researchers tested logic gates on different protein
units, including split enzymes and transcriptional machinery, in test
tubes, yeast, and primary human T cells. Similar to how logic gates
work, each biological process requires a specific combination of pro-
teins to be activated. For instance, in an AND gate, both input proteins
need to be present, while in an OR gate, either of the two can activate
the downstream process [21].

The use of light-induced frequency modulation on proteinoids may
have a significant impact on photosynthesis [22]. Plants can trans-
form light energy into chemical energy that is used for their metabolic
processes and development. Photosynthesis encompasses two primary
phases: the light-dependent reactions and the light-independent reac-
tions. The light-dependent reactions include the absorption of light
through photosynthetic pigments like chlorophyll. Pigments help in the
conversion of light energy to electrons, which are involved in the syn-
thesis of ATP and NADPH. Rubisco enzymes promote the production of
organic compounds, including glucose, from carbon dioxide included in
the light independent reactions.

Prior studies of photostability for protein microspheres with a com-
position similar to that of our proteinoids indicated that structure was
maintained under UV exposure for >24 hours, with 5% loss in crucial
spectroscopic markers [23]. This indicates that proteinoids have suffi-
cient photostability for prolonged computation under illumination. Sim-
ilarly, an examination of the thermal stability of protein complexes rich
in aromatic amino acids revealed that these complexes retained their
characteristic features at temperatures ranging from 85 to 90°C [24].
Proteinoid design used the inherent thermal stability of proteins de-
rived from thermophilic species, resulting in the emergence of enhanced
thermal robustness [25]. On the basis of these previously reported sta-
bility indicators for analogous protein systems, we anticipate that the
proteinoids investigated here will exhibit adequate photostability for
continuous visible light-powered operation and thermal stability across
ambient to physiological temperature ranges.

There may be some gaps or problems with how light frequency
modulation is thought to work with biological molecules like pro-
teinoids [26]. The outcome of this method is influenced by the stability,
solubility, toxicity, and bioavailability of biological molecules, as well
as the selectivity, affinity, and kinetics of their proteinoid interactions.
Additionally, the depth of light penetration and tissue distribution, as
well as the potential for interference with other cellular components,
are significant factors to consider.

In the following section we will explore how proteinoids, specifi-
cally L-Glu:L-Phe:L-His, L-Glu:L-Phe, L-Phe:L-Lys, L-Phe, and L-Asp, are
modulated in terms of frequency. Additionally, we should review the
histograms that display the amplitudes and dominant frequencies. Fi-
nally, we will examine the impact of black-white light as well as the
effects of solely white or black light on the proteinoids.

2. Methods

The amino acids L-Phenylalanine, L-Aspartic acid, L-Histidine, L-
Glutamic acid and L-Lysine with a purity of more than 98% were
purchased from Sigma Aldrich. The proteinoids were produced using
processes described elsewhere [27]. The proteinoids—-microspheres were
prepared by dissolving 10 mg of the lyophilized proteinoid powder in
100 ml of deionized water. This corresponds to a concentration of 0.1
mg/ml or 100 pg/ml. Following the dissolution process, the resulting
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solution underwent nebulization to form microspheres, as determined
by electron microscopy analysis. The microsphere solution was applied
onto the electrodes with a surface density of approximately 106-107
microspheres per cm?.

The structure of the proteinoids was observed using scanning
electron microscopy (SEM). This was accomplished using the FEI
Quanta 650 equipment. Finally, as previously mentioned [27], Fourier-
transform infrared spectroscopy (FT-IR) was utilised to characterise the
proteinoids. The light modulation of the proteinoids’ spiking frequency
was investigated using the light source PHOTONIC PL-2000 (Ryf AG,
Switzerland) and UV-light source: QTXLight, Power 230 Vac, 50 Hz,
tube length 450 mm. Based on the provided lamp specifications (Model
160.413, 230 Vac, 50 Hz), it can be observed that the lamp’s nomi-
nal power consumption is 160 W. Based on the empirical observations
conducted in our experiment, it was found that a detectable modula-
tion of proteinoid spiking due to light stimulation required an estimated
power output of 10% of the maximal capacity of the lamp. The reduc-
tion in UV light intensity to approximately 16 W optical power output
at the sample led to observable alterations in both the periodicity of
oscillations and the peak values. When comparing white light to black
light, it can be observed that black light has a relatively limited emis-
sion spectrum primarily concentrated within the ultraviolet-A (UV-A)
range. Various photochemical processes are induced by it, enabling
the selective stimulation of proteinoids. White light includes a wider
range of visible wavelengths, hence allowing for a greater spectrum of
photoresponses. The unique spectrum emissions of these light sources
facilitated the investigation of wavelength-dependent phenomena in
the modulation of proteinoid spiking by inducing photoexcitation of
various chromophores.

Electrical activity of the proteinoids was recorded using pairs of
iridium-coated stainless steel sub-dermal needle electrodes (Spes Med-
ica S.r.L, Italy), with twisted cables and ADC-24 (Pico Technology, UK)
high-resolution data logger with a 24-bit A/D converter. Galvanic iso-
lation and software-selectable sample rates all contribute to a superior
noise-free resolution. Each pair of electrodes reported a potential dif-
ference between the electrodes. We recorded electrical activity at one
sample per second. During the recording, the logger has been doing as
many measurements as possible (typically up to 600 per second) and
saving the average value. The visible light was effectively focused by
employing colour filters, carefully placed at a distance of 5 cm in front
of the samples. The resulting beam point had an approximate diame-
ter of 5 mm inside the region of the electrode gap measuring 10 mm,
where proteinoids were deposited. The light path length through the
proteinoid sample is approximately 10 mm, as determined by the esti-
mated beam diameter and electrode spacing. This method guaranteed
complete coverage and consistent illumination of the proteinoids lo-
cated within the electrode gap. The experiments were performed un-
der ambient room temperature conditions, which were around 295K
(72 °F). The temperature of the sample was not actively controlled. The
utilisation of a cold white light source enables the delivery of visible
illumination while simultaneously reducing the emission of infrared ra-
diation, so reducing the potential heating effect on the samples. The
temperature of proteinoid samples was measured prior to and following
a 30-minute duration of cold light exposure at the greatest intensity of
186.6 klux. Our observations indicate that there was no noticeable tem-
perature elevation within the range of experimental uncertainty. The
UV/Vis absorption profiles of these proteinoid compositions have been
previously reported in [28] As depicted in the schematic (Fig. 1), the
proteinoid solution was contained in a glass vial with platinum-iridium
electrodes spaced 10 mm apart. The electrode output was connected to
a PicoLog data acquisition unit and laptop computer.

3. Frequency modulation

Fig. 2 depicts an image captured by a scanning electron micro-
scope (SEM) showcasing a nanosphere of L-Glu:L-Asp:L-Phe in the ini-



P. Mougkogiannis and A. Adamatzky

Proteinoid solution

Materials & Design 236 (2023) 112460

e J

PicoLog

Laptop

Pt-Ir electrodes

Fig. 1. Schematic of experimental setup.
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Fig. 2. The nanospheres of the proteinoid L-Glu:L-Asp:L-Phe have a diameter of 370.4 nm, a surface area of 4.32e-13 m?, and a volume of 2.67e-20 m>. b)
Additionally, a scanning electron microscopy (SEM) image of the nanosphere is provided. c), d) After conducting an analysis on the edge detection of proteinoid
nanospheres using Matlab, the results showed a contrast value of 0.1964, a correlation value of 0.8867, an energy value of 0.1928, and a homogeneity value of

0.9018.

Table 1

Measurements of peak voltage (mV) and periods (sec) were taken
before and after illuminating the protenoids L-Glu:L-Phe:L-His, L-
Glu:L-Phe, L-Phe:L-Lys, and L-Phe with cold white light at intensi-
ties ranging from 37.2 klux to 186.6 klux for 30 minutes on — 30
minutes off cycles.

Proteinoid Light Peaks Mean Periods Mean
Condition (mV) (sec)
L-Glu:L-Phe:L-His  Periodic 6.68+0.61 3417.83+316.04
L-Glu:L-Phe Periodic 2.87+0.47 2174.00+612.09
L-Phe:L-Lys Periodic 23.77+0.83 3265.83+451.62
L-Phe Periodic 0.82:+0.43 759.32+108.34

tial phases of proteinoids replication. The nanosphere is comprised of a
spherical arrangement composed of multiple amino acids, including L-
glutamic acid, L-aspartic acid, and L-phenylalanine. These amino acids
serve as fundamental constituents for the replication of proteinoids.
The nanosphere exhibits a diameter of 370.394 nm, a surface area of
4.31x10713 m?, and a volume of 2.67x1072° m3. The SEM image of the
nanosphere displays a significant level of intricacy, exposing the com-
plex structure of the L-Glu:L-Asp:L-Phe proteinoids that are organised
in a spherical arrangement. The process of arranging L-Glu:L-Asp:L-Phe
molecules into a three-dimensional configuration within the nanosphere
is a pivotal step in the replication of proteinoids. The structure men-
tioned above is considered to be crucial for the following stage of
proteinoid replication, which involves the formation of the proteinoid
assembly.

Proteinoids respond to illumination with spikes of electrical poten-
tial as illustrated in Fig. 3a. Theses spikes of electrical potential are
characterised in Table 1. Tables 1 and 2 present a quantitative sum-
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Fig. 3. The L-Glu:L-Phe:L-His proteinoid oscillations have a period of 128 sec-
onds and an average interval between maxima of 3417.8 seconds, as shown
by the a) electrical oscillations, b) histogram of periods, c) histogram of am-
plitudes, and d) Fourier transform of data. Illumination with cold white light,
from 37.2 to 186.6 klux (30 min ON - 30 min OFF).

mary of the average pk and average periods of the proteinoids L-Glu:L-
Phe:L-His, L-Glu:L-Phe, L-Phe:L-Lys, L-Phe, and L-Asp. The average peak
values exhibit a range of —13.55+5.06 to 23.77+0.83 mV, whereas the
average periods span from 759.32+108.34 to 6272.88+16.84 sec.

The outcomes demonstrate that there is no significant difference in
the mean peak and mean periods among the various proteinoids. Sub-
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Fig. 4. Diagram displaying the period in seconds of proteinoids with codes 1 (L-Glu:L-Phe:L-His),2 (L-Glu:L-Phe),3 (L-Phe:L-Lys),4 (L-Asp), and 5 (L-Phe) in response

to varying white light intensities in klux.

Table 2

The table displays the mean (u), standard devi-
ation (o), and negative log likelihood (NLL) of
functions fitted to the standard distribution for L-
Glu:L-Phe:L-His, L-Glu:L-Phe, L-Phe:L-Lys, L-Asp,
L-Phe proteinoids.

Proteinoid " c NLL
Mean Std
L-Glu:L-Phe:L-His 3247.9 760.83 148.06
L-Glu:L-Phe 3534.3 453.94 272.21
L-Phe:L-Lys 3742.9 517.55 248.54
L-Phe 3400.8 11448 122.58
L-Asp 2237.4 74587  118.03
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Fig. 5. Diagram displaying the histogram of period in seconds of proteinoids
with codes 1 (L-Glu:L-Phe:L-His),2 (L-Glu:L-Phe),3 (L-Phe:L-Lys),4 (L-Asp), and
5 (L-Phe) in response to varying white light intensities in klux.

sequently, the histograms depicting the amplitudes serve to emphasise
the dominant frequency, peaks, and spectrum of frequencies pertain-
ing to the proteinoids (Figs. 4 and 5). The histograms illustrate that
proteinoids exhibit a prevailing period of 80 to 180 seconds, with a
higher percentage of periods in the 120-second interval. The cold white
light lamp emits a broad spectrum spanning 400-700 nm, with observed
maxima centred at 447 nm and 582 nm. In comparison, the black light
bulb has a narrow peak in the near-UV spectrum at 300 nm. These spec-

tra show the changes in composition between the white and black light
used to modify proteinoid spiking activity. White light emits a wide
variety of visible wavelengths, whereas black light emits primarily UV
light.

After being subjected to black-white light for a duration of 30 min-
utes, the proteinoids exhibited a rise in their average pk values, with the
highest point being recorded at 8.33 kHz. Under the condition of expo-
sure solely to white light, the average peak values exhibited an increase
while the periods remained constant. Under the exclusive exposure to
black light, the average pk values exhibited a decline, reaching a max-
imum at 3.53 kHz, while the average periods remained consistent. The
highest achieved frequency modulation of proteinoid spiking, amount-
ing to 8.33 kHz, was achieved through the use of alternate exposure
to black and white light. The application of alternating illumination re-
sulted in more significant modifications in spiking characteristics when
compared to the use of continuous white or black light. This allowed
for dynamic adjustments across a wide frequency spectrum, reaching a
maximum of 8.33 kHz.

When proteins are exposed to alternating periods of 30 minutes of
black light, followed by 30 minutes of white light, their periodicity can
be analysed using a distribution function that has been fitted to the
data.

The tripeptide L-Glu:L-Phe:L-His exhibits a mean value of 3247.9 sec,
a standard deviation of 760.8, and a negative log likelihood (NLL) of
148.1. The mean, standard deviation, and negative log likelihood (NLL)
of proteinoid L-Glu:L-Phe are 3534.3 sec, 453.9, and 272.2, respec-
tively. L-Phe:L-Lys displays a mean of 3742.9 sec, a standard deviation
of 517.5, and an NLL of 248.5. L-Phe exhibits a mean of 3400.8 sec, a
standard deviation of 1144.8, and an NLL of 122.6. Lastly, L-Asp has
a mean of 2237.4 sec, a standard deviation of 755.9, and an NLL of
118. The proteinoids’ normal distribution implies that each compound
possesses a unique range of variability in its properties. Specifically,
proteinoid L-Asp displays the narrowest range, while proteinoid L-
Phe exhibits the widest range. The observed variations in the mean,
standard deviation, and negative log-likelihood (NLL) values of the pro-
teinoids imply that each proteinoid exhibits unique properties, which
may be indicative of varying structural conformations or degrees of
stability.

The boxplot results depicted in Fig. 6 indicate that the periods me-
dian of the proteinoids L-Glu:L-Phe:L-His, L-Glu:L-Phe, L-Phe:L-Lys and
L-Asp are uniformly distributed at 3400 seconds, whereas L-Phe ex-
hibits a median of approximately 2200 seconds. The results depicted
in Fig. 6 indicate that the proteinoids L-Glu:L-PheL-His, L-Glu:L-Phe, L-
Phe:L-Lys, and L-Asp exhibit a significantly high degree of hydrophilic-
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Box plots of periods for each proteinoid
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Fig. 6. The box plot demonstrates the distribution of periods for L-Glu:L-
Phe:L:His, L-Glu:L-Phe, L-Phe:L-Lys, L-Asp, and L-Phe. The 25th and 75th
percentiles for L-Glu:L-Phe:L-His are respectively 3328.64 and 3548 seconds.
The 25th and 75th percentiles for L-Glu:L-Phe are, respectively, 3412.75 and
3676.57 seconds. The 25th and 75th percentiles for L-Phe:L-Lys are, respec-
tively, 3541.38 and 4154.73.57 seconds. The 25th and 75th percentiles for
L-Asp are, respectively, 2251.13 and 4316.33 seconds. The 25th and 75th per-
centile times for L-Phe are, respectively, 1807.8 and 2529.9 seconds. Periodic
simulations of proteinoids were conducted using cold white light (37.2-186.6
klux) and black light (695.8 lux) for a duration of 30 minutes during the mea-
surement process.

ity, as evidenced by their respective period times clustering around
the 3400 sec mark. In contrast, L-Phe exhibits lower hydrophilicity,
as evidenced by its period time of approximately 2200 sec. The afore-
mentioned data possesses the potential to facilitate comparisons and
differentiation among proteinoids, given that the retention time of a
proteinoid is subject to the hydrophobicity exhibited by its constituent
amino acids. In the event that a proteinoid possessed an amino acid
composition identical to the four proteinoids depicted in Fig. 6, but with
L-Asp replacing L-Phe, it is expected that the mean period would exhibit
a significant decrease. This observation suggests that the hydrophilicity
of the proteinoid in question is comparatively higher than that of the
remaining four proteinoids, thus potentially enabling its differentiation
from the others.

The Fast Fourier Transform (FFT) was utilised to decompose the sig-
nal into its frequency components. The signal can be decomposed into
its frequency components by plotting the magnitude of the FFT output
against frequency, as depicted in Fig. 3. This form of analysis proves
to be beneficial in comprehending the behaviour of the signal in the
frequency domain, specifically the quantification of energy present in
each frequency component. The analysis can also yield valuable infor-
mation regarding the frequency composition of the signal, including the
presence of specific frequencies and their relationships.

Typically, the firing rate is determined by calculating a temporal
average, as illustrated in Fig. 9. To conduct the experiment, we select
a specific time frame, such as T = 100 ms or T = 500 ms. During this
time frame, we will record the number of spikes that occur, which is
denoted as ng,(T). When we divide the number of times a neuron fires
by the length of the time window, we get the mean firing rate (Eq. (1)).
When discussing firing rate, it is common to express it in Hz units.
For the past century, the idea of mean firing rates has been effectively
utilised. When a muscle is stretched, the neurons in the muscle’s stretch
receptors fire at a rate that is directly related to the amount of force
being applied to the muscle. Over the next few decades, scientists began
to use firing rates as a common method for characterising the behaviour
of various types of cortical or sensory neurons [29].

ng,(T)

v=—F (€9)

While the calculation of mean firing rates over specific time intervals
can provide insights into the behaviour of neurons, it is also important
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Table 3

Representation of gates by combina-
tions of spikes. Black lines show the
potential when the network was stimu-
lated by input pair (01), red by (10) and

green by (11).
gate notations
OR xX+y
SELECT y
XOR x®y
SELECT x

NOT-AND Xy

AND-NOT Xy

FREEEE S

AND Xy

to consider the instantaneous temporal patterns of spikes as they con-
tain valuable information for computational purposes. As illustrated in
Table 3, specific proteinoid spike sequences have the ability to symbol-
ise the outputs of Boolean logic gates. These sequences are represented
by the presence or absence of spikes in relation to threshold periods.
Instead of computing the average of spikes over prolonged duration,
the logic processes are dependent on precisely timed spikes that are
initiated by optical inputs. The mean firing rate offers an overall in-
dicator of a neuron’s level of activity. On the other hand, proteinoids
are capable of executing digital logic operations by leveraging the pre-
cise timing of individual spikes. The mean rate characterises the general
level of excitability, whereas individual spike patterns serve as compu-
tational outputs. The use of precise spike timing, as opposed to average
frequency, in the photonic logic gates showcases an added level of in-
formation processing made possible by the modulation of light-induced
proteinoid spiking dynamics.

4. Realisation of Boolean gates

We have detected Boolean gates using the technique proposed in
[30]. We here assume that each spike represents logical TRUE and
that spikes occurring within less than 3000 sec of each other happen
simultaneously. Then a representation of gates by spikes and their com-
binations will be as shown in Table 3.

Fig. 10 depicts the conversion of periods into logical gates through
thresholding of proteinoids periods, subsequent to being exposed to pe-
riodic black and white light. The threshold value is determined to be
3423 seconds. The present study involves the execution of logical op-
erations on logical values, including logical AND, logical OR, logical
NOT, logical XOR, logical NAND, logical NOR, and logical XNOR. Sev-
eral conclusions can be inferred from Fig. 10, including the following:
The selection of the threshold value ought to be based upon certain cri-
teria or statistics pertaining to the periods, such as the mean, median,
or standard deviation. In order to prevent all logical values from being
0, it is advisable for the threshold value to be set lower than the max-
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Fig. 7. Left: Spikes when the proteinoid exposed to a cycle of black light and no light for every 30 min. Right: spiking of proteinoid L-Glu:L-Phe:L-His when exposed

to a cycle of white and black light for 30 min.

imum value of the periods. When all logical values are 0, the logical
operations lack significance.

The plot 10 illustrates how the input and output of various logic
gates are related. A logic gate is a fundamental electronic component
that carries out a simple logical operation on one or more binary inputs
and generates a single binary output. An AND gate is a logic gate that
produces an output of 1 only when both of its inputs are 1. If either or
both inputs are 0, the output will be 0. When you use a NOT gate, the
output it produces is the exact opposite of the input it receives. This
means that if the input is 0, the output will be 1, and if the input is 1,
the output will be 0. Finally, logic gates are designed with unique truth
tables that display the output for every possible input combination.

Figs. 7, 8 displays a comparison of the potential versus time for two
distinct light sources — white-black light and black light. The amount
of potential is typically quantified in mV, while the duration of time is
typically measured in seconds. In the diagram labelled as Fig. 9, you
can see how gates are represented through the combination of spikes.
For each input pair (01, 10, and 11), there are potential values assigned
to them which are datal, data2, and data3. The data is displayed on a
single graph with various colours and line styles, all plotted against the
time vector. Each input pair is marked by a star, indicating the exact
moment of initial stimulation. In the plot, you can see the presence and
absence of spikes for each light source. This is determined by a thresh-
old value of 3000 sec. When the time exceeds the threshold, a spike is
given a value of 1. On the other hand, if the time is less than or equal
to the threshold, a no spike is assigned a value of 0. Logic gates rely on
two types of inputs: spikes and no spikes. These inputs are binary val-
ues that are used to perform Boolean operations. Essentially, logic gates
are functions that take these inputs and produce a corresponding out-
put based on the specific operation being performed. The plot displays
how each logic gate responds based on the inputs it receives. The AND
gate will only produce an output of 1 if both of its inputs are “spikes”.
On the other hand, the OR gate will produce an output of 1 if either one
of its inputs is a “spike”. The NOT gate, as the name suggests, will pro-
duce the opposite of its input 1. These are just a few examples of how
these gates function (Figs. 11, 12).

5. Discussion

The capacity of mammals to comprehend diverse frequencies char-
acterised by varying amplitudes and periods has garnered the interest
of researchers [34]. The process of frequency modulation is responsible
for the recognition of various sounds [35]. The phenomenon of fre-

1.001 o

O  White-Black Light

1.0008 Black Light

1.0006

1.0004

H
o
S
S
N}

o
o
o

0.9998

Spike rate (

0.9996

0.9994

0.9992

0.999

]

2000 4000 6000 8000 10000
Time (s)

Fig. 8. The graph displays the projected spike rates for the proteinoid L-Glu:L-
Phe:L-His over time. The spike rate for the proteinoid under white-black light
illumination is represented by the blue points, while the spike rate for the pro-
teinoid under black illumination is represented by the red line. To determine
the spike rate, we count the number of spikes that occur within a given time
interval, or “bin,” and then divide that count by the duration of the bin. The
size of the bin is a factor that impacts both the accuracy and the level of inter-
ference in the estimation of spike rate. When using a smaller bin size, you can
achieve higher resolution, but it comes at the cost of increased noise. When us-
ing a larger bin size, the resolution of the data decreases, but it also results in
less noise. According to the graph, it appears that the spike rates for both illumi-
nations are quite similar, although not exactly the same. The spike rates exhibit
some fluctuations, with peaks and valleys that could potentially be attributed
to the stimulus or other variables [31-33].

quency modulation pertains to the capacity of mammals to modify the
frequency of a signal for the purpose of enhancing their comprehension
of the conveyed information [36]. Bats utilise echolocation to interpret
distinct signals and locate their prey. Researchers have endeavoured
to replicate the signal comprehension and differentiation capabilities of
mammals through the utilisation of bio-hybrid neuro-interfaces. Chemi-
cal means can be employed by these devices to establish communication
with biological neurons. In addition, there have been advancements in
the development of silicon-based artificial neurons that aim to emulate
the functionality of authentic neurons found in the respiratory system
and hippocampus [37].
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Fig. 9. This illustration showcases the use of spikes for the purpose of implementing logic gates. For each input pair (01, 10, and 11), there are potential values
assigned to them which are referred to as datal, data2, and data3. The data points are graphed on a single set of axes, using various colours and line styles to
differentiate between them. Each input pair is marked by a star to indicate the moment of initial stimulation.
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Fig. 10. This figure examines the values of various logical operators, includ-
ing AND, OR, NOT, XOR, NAND, NOR, and XNOR. The results are based on the
periodic illumination of proteinoids with black and black-white light (two in-
puts: white, black-white light), and the magnitude of the periods is measured
in seconds. The plot specifies two vectors of periods in seconds for black light
and black and white light. It defines a threshold for spikes and periods with-
out spikes, a value that divides the periods into two categories. Based on the
threshold, it allocates the value 0 to no spikes and 1 to spikes. It uses the vec-
tors of spikes as input for the preceding code, which creates and plots the AND,
OR, NOT, XOR, NAND, NOR and XNOR logic gates for the inputs and outputs.
Here, Proteinoid 1: L-Glu:L-Phe:L-His, 2: L-Glu:L-Phe, 3: L-Phe:Lys, 4: L-Phe,5:
L-Asp.

The modulation of light can be classified into two distinct categories:
frequency modulation and amplitude modulation. The first scenario
involves utilising a light beam to convey information through alter-
ations in its frequency, while the following one involves modifying
the signal’s intensity and amplitude for the same purpose. Frequency
modulation (FM) can be employed in various methodologies, includ-
ing spectroscopy. In this technique, the absorption of light by a ma-
terial is measured as a function of the modulated frequency, which is
altered by changing the refractive index of the modulated material. Fre-
quency modulation (FM) can be accomplished through the utilisation

Fig. 11. This figure examines the values of various logical operators with two
inputs (white, black light), including AND, OR, NOT, XOR, NAND, NOR, and
XNOR. The results are based on the periodic illumination of proteinoids with
black and white light, and the magnitude of the periods is measured in seconds.
It uses the vectors of spikes as input for the preceding code, which creates and
plots the AND, OR, NOT, XOR, NAND, NOR and XNOR logic gates for the inputs
and outputs. Here, Proteinoid 1: L-Glu:L-Phe:L-His, 2: L-Glu:L-Phe, 3: L-Phe:Lys,
4: L-Phe,5: L-Asp.

of acousto-optic modulators. The modulation of the refractive index
of a material is achieved through the utilisation of acoustic waves.
Frequency Modulation (FM) finds applications in the fields of optical
communications and unconventional computing [38], [39], [40] [41].

The utilisation of black and white cold light enabled the regulation
of proteinoid frequency and manipulation of their characteristics. The
initial stage of our attempt involved the exploration of novel methods
for computation through the utilisation of the characteristics inherent in
living organisms. The manipulation of proteinoids through alternating
exposure to white and black light is a promising avenue for the develop-
ment of logic gates with the ability to execute complex computational
operations at a high level of performance.

The use of frequency modulation (FM) is a method employed to
regulate the luminance levels within proteinoids. The methodology uses
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Fig. 12. This figure examines the values of various logical operators with three
inputs (white, black, no light), including AND, OR, NOT, XOR, NAND, NOR, and
XNOR. The results are based on the periodic illumination of proteinoids with
black and white light, and the magnitude of the periods is measured in seconds.
It uses the vectors of spikes as input for the preceding code, which creates and
plots the AND, OR, NOT, XOR, NAND, NOR and XNOR logic gates for the inputs
and outputs. Here, Proteinoid 1: L-Glu:L-Phe:L-His, 2: L-Glu:L-Phe, 3: L-Phe:Lys,
4: L-Phe,5: L-Asp.

diverse light wavelengths to modulate the amount of energy that is
assimilated or discharged by the proteinoids. The underlying principle
of frequency modulation is relatively straightforward. As the frequency
of electromagnetic radiation rises, there is a corresponding increase in
the amount of energy absorbed by the proteinoid that it traverses. On
the other hand, a decrease in luminous flux leads to a proportional
reduction in the quantity of energy assimilated.

A combination of various wavelengths of light is used to modulate
its frequency. The methodology employs a blend of filters to produce
diverse wavelengths of electromagnetic radiation. By adjusting the fre-
quency of the combined light, one can modulate energy absorption or
emission. Various wavelengths of light are utilised to modulate luminos-
ity. The frequencies of light vary depending on their respective colours.
Blue light possesses a higher frequency in comparison to red light, re-
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sulting in an enhanced absorption of energy. It can be observed that
the frequency of yellow light is comparatively lower than that of green
light, resulting in a lower amount of energy being absorbed.

Fig. 13 displays the emission spectra of the several light sources em-
ployed for proteinoid illumination. The spectral distribution of daylight
encompasses a range of colours including yellow, green, red, and blue,
with each colour exhibiting distinct peaks within the wavelength range
of around 450 nm to 650 nm, corresponding to wavelengths from 0.45
to 0.65 micrometers in the measured emission spectra. On the other
hand, the broadband white light encompasses the complete range of
wavelengths within the visible spectrum. The absorption of proteinoids
and the subsequent conformational changes are influenced by the mod-
ulation of spectral intensity distributions in a manner that is dependent
on the wavelength. Efficiently driving spiking activity can be achieved
by accurately matching emission peaks with proteinoid absorption char-
acteristics. The manipulation of numerous light sources allows for the
modulation of proteinoid oscillations by blending wavelengths that cor-
respond to the photo-sensitivities of the materials involved. The emis-
sion spectra that have been quantified in Fig. 13 provide a clear under-
standing of the unique impacts at different wavelengths that contribute
to the modification of proteinoid spiking kinetics in many colours.

Light-induced frequency modulation of proteinoids has the poten-
tial to facilitate the creation of innovative biosensors characterised by
heightened specificity and sensitivity. This technology exhibits poten-
tial for detecting diverse proteins in the bloodstream or diagnosing
a range of medical conditions. Subsequently, the utilisation of light-
induced frequency modulation of proteinoids holds potential for tar-
geted drug delivery to precise tissues or cells within the human body.
Thirdly, significant progress could be made in the field of tissue engi-
neering. Examples of biological processes that involve the development
and activation of novel vascular structures. In addition, the utilisation
of light-based frequency modulation has the potential to facilitate the
restoration of impaired tissues and promote the proliferation of grow-
ing dermal cells. Proteinoid FM has the potential to serve as a means
of cancer cell tracking and the development of novel cancer treatment
modalities. The present mindmap (Fig. 14) provides a summary of the
key characteristics of proteinoids that can be utilised through the appli-
cation of frequency modulation.

The illustration (Fig. 15) depicts the principle of frequency modu-
lation, a method of modifying the frequency of a carrier signal based
on the message signal. Frequency modulation finds its application in
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Fig. 13. The emission spectra of coloured light sources employed for proteinoid lighting. The spectra were obtained within the wavelength range of 350-850 nm
using a CCS200/M spectrometer. The diverse spectral intensity distributions influence the absorption of proteinoids and induce oscillations that are dependent on

the wavelength.
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Fig. 14. The mindmap illustrates applications, sources, types, and uses of frequency modulation of proteinoids.
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Fig. 15. The diagram displays the periods, measured in seconds, of proteinoids
labelled as L-Glu:L-Phe:L-His, L-Glu:L-Phe, L-Phe:L-Lys, L-Asp, and L-Phe, after
being exposed to both white and black light sources, as well as frequency mod-
ulated signals using a carrier signal of 200 Hz and a frequency deviation of 50
Hz.

various domains such as radio broadcasting, satellite television, audio
synthesis and computing applications.

To avoid aliasing, a distortion of the signal caused by insufficient
sampling, the sampling frequency must be at least twice the carrier fre-
quency. The term for this is the Nyquist criterion [42-44]. The graphs
suggest that there exists a positive correlation between the amplitude
of the original signal and the frequency deviation of the modulated sig-
nal. Specifically, as the amplitude of the original signal increases, the
frequency deviation of the modulated signal also increases. Addition-
ally, it is worth noting that the modulated signal maintains a constant
amplitude, which is in contrast to the original signal. Furthermore, the
modulated signal exhibits a greater bandwidth than the original sig-
nal.

In systems or automatic control theory, Gaussian noise and pertur-
bation models are commonly used. The standard probability density
function (PDF) includes the following mathematical equation (Eq. (2)):

e~(0-n? /20
fy)= —— 2
2z
The value of u represents the average or central tendency of the ran-
dom variable, while the value of ¢ indicates the amount of variation or
spread in the data. In Fig. 16, there is a signal that has been generated
randomly and follows a normal probability distribution function. The
data was generated using MATLAB randn() function [45]. The proba-
bility density function of frequency modulation can be seen in Fig. 16.

For many years, scientists have been fascinated by the intriguing

electrical oscillations exhibited by proteinoid microspheres [46-48].

o Probability density function of frequency modulation
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Fig. 16. This diagram illustrates the probability density function of the mod-
ulated signal amplitude. The findings indicate that the amplitude of the mod-
ulated signal exhibits a Gaussian distribution, with a majority of the values
clustering around the mean and a smaller number of values at the tails. The
previous claim implies that the amplitude of the signal remains relatively con-
stant despite the application of frequency modulation, and any fluctuations in
amplitude are both unpredictable and exhibit symmetry. The Gaussian distri-
bution is a suitable approximation for this kind of data. Here, y =-0.0008 and
0 =0.7076. The findings indicate that the frequency modulation exhibits a com-
parable configuration to the random signal, although with different metrics for
mean (u) and standard deviation (¢). In contrast, the random signal is char-
acterised by a sample mean of 0 and a sample standard deviation of 1. The
application of frequency modulation results in a leftward shift of the distribu-
tion and a reduction in its width compared to that of the random signal. The
Gaussian distribution is a suitable approximation for both signals [45].

The way in which pendulum damped periodic motion and other physi-
cal phenomena relate to them has sparked a great deal of interest [49].
In the next few paragraphs, we will delve into the fascinating topic of
how proteinoid microspheres produce electrical oscillations and how
this phenomenon is connected to pendulum damped periodic motion.
To begin with, it’s important to grasp the idea of electrical oscilla-
tions in proteinoid microspheres. Self-organising structures made up
of amino acids have been discovered to generate electrical oscillations
on their own. Voltage spikes are produced in the form of oscillations
that can persist for a few minutes before gradually fading into a sig-
nal with low amplitude. Scientists believe that the electrical oscillations
observed in the microsphere are a result of the interactions between its
components [50]. These oscillations are thought to be connected to the
microsphere’s self-organisation.

What is the relationship between electrical oscillations and damped
periodic motion of a pendulum? Both of these phenomena pertain to os-
cillatory systems wherein energy is gradually dissipated. However, the
electrical oscillations observed in proteinoid microspheres arise from
the interactions among the constituent amino acids. What is the rela-
tionship between electrical oscillations of protenoids and chaotic sys-
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Fig. 17. The figure displays a correlation between the electrical oscillations of proteinoids and the periodic motion of a pendulum. Proteinoids have the ability to
create basic electrical circuits, as evidenced by the oscillations visible in the image. This is a topic of research. The pendulum is a well-known illustration of periodic
motion, as it swings back and forth in a foreseeable pattern. The aforementioned occurrences showcase the intricate conduct that may arise from basic structures.

tems? Protein electrical oscillations exhibit a chaotic behaviour, which
means that even a slight alteration in the system can result in signifi-
cant and unforeseeable changes in the final outcome. The utilisation of
this particular system has the potential to enhance our comprehension
of intricate biological systems, while also enabling us to devise effective
approaches for managing unstable states [51].

On the left-hand side (Fig. 17), there is a graph that displays the
potential versus time data for the proteinoid L-Clu:L-Phe:L-His. The po-
tential refers to the level of electrical activity exhibited by a neuron,
specifically in the context of protenoids microspheres. It is revealed that
the potential undergoes periodic oscillations that change in both am-
plitude and frequency. The microspheres’ oscillations are occasionally
interrupted by sharp spikes, which suggest that they are firing action
potentials. On the right-hand side, you can see a plot that displays the
relationship between the potential and its derivative in phase space.
The concept of phase space refers to a theoretical space that illustrates
the evolution of a system’s state over time. It is an abstract represen-
tation that helps to visualise the changes that occur in a system as
time progresses. In the plot, we can observe that there is a fascinat-
ing interplay between the potential and its derivative, which results in
a spiral shape being formed in the phase space. When we observe a
spiral shape in a system, it typically suggests that the system is nonlin-
ear and chaotic [52]. When there are spikes in the potential, it means
that there are sudden jumps happening in the phase space. The key dis-
tinction between these plots lies in the fact that the earlier ones were
generated using a basic pendulum model. This model is essentially a
mechanical system that adheres to a differential equation. In the ear-
lier plots, we can observe the position and velocity of the pendulum
over time, as well as in the phase space. The way in which the pendu-
lum moved was related to its position and velocity in a predictable way
known as simple harmonic motion. This relationship between the two
variables formed a shape that resembled an ellipse when plotted in what
is known as phase space. The presence of an ellipse shape in the system
suggests that it is both linear and periodic. In the proteinoid plots, there
were sudden spikes or jumps observed in the phase space [53].

To connect the oscillation durations of the proteinoids to their
molecular weights, a quantitative structure-activity relationship (QSAR)
model was constructed. The molecular weights of the examined pro-
teinoids ranged from 133.1 g/mol for L-Asp up to 431.6146 g/mol
for L-Glu:L-Phe:L-His. This establishes a link between proteinoid struc-
ture and the spiking activity dynamics that ensue. The QSAR model
developed from the periods and molecular weights of the examined
proteinoid compositions is described by the following third degree poly-
nomial equation:
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Period = 3.39 x 10° — 0.105 X MW — 1.756 X 10™* x MW?

+1.122% 1077 x MW3 3)

Where Period denotes the oscillation period in seconds and MW de-
notes the molecular weight in grammes per mol. The R? value for
this model was 0.9978, demonstrating a high association between pro-
teinoid molecular weight and spike period. The QSAR model explains
how the structure of the proteinoids affects the kinetics of their light-
induced spiking activity. This establishes the groundwork for ratio-
nally building proteinoids with desired oscillation frequencies tuned by
molecular composition.

Fig. 18 depicts the relationship between proteinoid molecular
weight and oscillation period. The measured periods can be predicted
by the third degree polynomial QSAR model over a wide range of molec-
ular weights. The model depicts how periodicity decreases quadratically
but grows cubically with molecule weight, as seen by the Eq. (3). This
QSAR model provides a quantitative framework for shaping molecular
composition to tune proteinoid spiking kinetics.

We hypothesise that visible light absorption by proteinoids induces
conformational changes by disrupting the complex network of non-
covalent interactions responsible for maintaining their tertiary struc-
ture. Specifically, the electronic excitation of aromatic amino acid
residues (phenylalanine, tyrosine) triggered by light absorption effects
charge transfer and reorientation of dipolar groups within proteinoid
nanospheres. These periodic perturbations of the conformational equi-
librium of a proteinoid occur in an oscillatory manner that is influenced
by the intensity and wavelength of the incident light. The disruption of
hydrogen bonds, cation-pi interactions, and hydrophobic contacts mod-
ulates the measured spiking activity by altering the proteinoid’s tertiary
structure. Under photoexcitation, the diverse aromatic and charged
amino acid compositions of each proteinoid (as shown in Table 4) lead
to distinct conformational dynamics and spiking phenotypes. The sen-
sitivity of non-covalent interaction networks to visible light enables
optical regulation of proteinoid spiking behaviour. The quantitative
structure-activity relationship (QSAR) model establishes a numerical
correlation between the composition of proteinoids and the correspond-
ing oscillation periods. This model effectively captures the interplay
between conformational rigidity and flexibility as molecular weight in-
creases. The proposed approach offers a robust methodology for the
rational design of proteinoids, allowing for the customization of spik-
ing frequencies through the careful selection of conjugated amino acids
based on their amount and type. The better understanding of the under-
lying mechanisms by which molecular weight influences light-induced
proteinoid oscillations establishes a foundation for the targeted manip-
ulation of periodic behaviours by optical programming.
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Fig. 18. QSAR model of proteinoid molecular weight vs oscillation time. The circles represent the measured durations and molecular weights of the proteinoids
under consideration. The fitted third degree polynomial model has a R? of 0.9978 on the curve.

Table 4
Predicted and Experimental Oscillation Periods.

Predicted
Period (sec)

Proteinoid Experimental % Deviation

Period (sec)

L-Glu:L-Phe:L-His 3328.5 3328.64 0.01
L-Glu:L-Phe 3487.4 3412.75 -2.19
L-Phe:L-Lys 3466.2 3541.38 212
L-Asp 2250.2 2251.13 0.04
L-Phe 1809.5 1807.8 1.81

Using proteinoid compositions with fast spiking dynamics is one
approach for improving the distinction between ON and OFF states
for proteinoid-based logic gates. Faster oscillation periods give more
temporal separation between spike and non-spiking intervals. By min-
imising overlap between spiking and baseline regions, this improves
the contrast between the two logic levels. The careful selection of pro-
teinoid compositions with optimised kinetics can improve logic output
classification. Furthermore, the amplification of switching contrast can
be achieved by aligning the distinctive proteinoid oscillation frequen-
cies with the specified gate timings. When the timing of the ON and
OFF assignment windows is aligned with the inherent periodicity, there
is a higher probability of capturing spikes completely within the ON
interval, while the OFF interval remains empty of activity. Optimising
the operational parameters to correspond with the inherent dynamics of
proteinoids would facilitate the optimal division of logical states. Molec-
ular modifications to the proteinoids offer yet another way to improve
switching contrast. Modifications such as phosphorylation have the po-
tential to enhance the amplitude difference between spike peaks and the
non-spiking baseline. Larger signal excursions over the background will
make it easier to detect and classify spikes as ON outputs. Biochemical
manipulation of proteinoid activity patterns may allow for additional
contrast optimisation. Furthermore, fine-tuning the applied light char-
acteristics can improve the differentiation between the logic states’
spiking and non-spiking proteinoid conformations. The switching con-
trast will be sharpened by identifying the intensities and wavelengths
that most efficiently cause periodic spikes while reducing background
variations. Illumination procedures can be modified to emphasise the
differentiating features between ON/OFF intervals.

There are several interesting opportunities that can potentially lead
to a large rise in the switching rates of proteinoid logic gates, surpassing
their existing slow operational performance.
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The use of proteinoids that possess inherently accelerated spik-
ing dynamics will provide swift transitions between different logic
modes. Proteinoid compositions with optimised kinetics can be
identified or designed.

The reduction in device geometries will result in a decrease in dif-
fusion times of conformational changes, hence enabling more rapid
switching. The reduction of electrode spacing at the nanoscale has
the potential to enhance response rates.

The integration of proteinoids with two-dimensional (2D) materi-
als, such as graphene, has the potential to enhance electrical and
thermal transport properties, hence enabling more efficient and
rapid switching mechanisms.

The use of optical pulse modulation has been observed to exhibit
a higher degree of efficiency in synchronising and entraining pro-
teinoid spikes as compared to continuous illumination.

The introduction of redox molecules has been found to enhance the
kinetics of proton-coupled electron transport, hence facilitating the
occurrence of spikes.

The use of machine learning classifiers for training on spike pat-
terns has the potential to enhance the ability to discriminate be-
tween different states within shorter time intervals.

Our proposal suggests that the design of more complex multi-gate
circuits can be achieved by joining numerous logic gates composed of
distinct proteinoid compositions that are tuned to varying spiking fre-
quencies. In accordance with known digital logic norms, the process of
performing arithmetic operations, such as n-bit binary addition, can be
performed by employing cascading networks of Boolean AND, OR, and
NOT gates to propagate and merge signals. The capacity to programme
basic proteinoid logic gates using various temporal spike patterns facili-
tates the flexible arrangement of gates for constructing desired circuits.
The findings of our study provide a foundation for the expansion of
computing systems to greater scales through the use of cascading and
networking proteinoid logic gates inside certain architectures.

6. Conclusion

In conclusion, the spiking frequency modulation of proteinoids with
light is a fascinating concept that can open up a range of possibilities
for increased efficiency in unconventional computing, synthetic biology
and bio-engineering. Despite the complexities and challenges that still
remain in fully understanding the range of effects and applications of
this phenomenon, the potential for a revolution in the computing world
is undeniable.
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