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We study the emergence of chemical intelligence in proteinoid—ZnO nanocomposites through their inter-
action with visible light. When these novel materials are exposed to light, they display electrical spiking
behaviour that is similar to the action potentials of neurons. We examine the influence of various light
conditions, such as wavelength, intensity, and duration, on the photo-response of these nanocomposites.
The results indicate that higher light intensity and longer duration are associated with increased frequency
and amplitude of voltage spikes. Furthermore, blue light is more effective than red light in this regard. This
light-dependent behaviour indicates a form of chemical intelligence, in which the material learns and
responds to external stimuli. The results of our research emphasise the potential of proteinoid—ZnO nano-
composites to develop bio-inspired, light-sensitive systems, which can lead to advancements in areas
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such as photocatalysis, unconventional computing, and adaptive materials. This study enhances the
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1. Introduction

Zinc oxide (ZnO) is a wide band-gap semiconductor with a
direct band gap energy of 3.37 eV."™ This implies that it has the
ability to capture photons with energy levels exceeding 3.37 eV,
resulting in the emission of electrons and holes. ZnO nano-
particles possess the ability to react to visible light, rendering
them highly intriguing for various applications such as photo-
catalysis, sensors, and electronics.””

The visible light response of ZnO nanoparticles is attributed to
the quantum confinement effect.”® The phenomenon arises when
the dimensions of a semiconductor nanoparticle are smaller than
the Bohr radius of the electron. In this scenario, the electrons’
energy levels are quantized, implying their existence is restricted
to discrete energy levels. The quantization of energy levels results
in a blue shift in the absorption spectrum of nanoparticles,
enabling them to absorb photons of lower energy compared to
the bulk material. Doping ZnO nanoparticles with other elements
can enhance the quantum confinement effect. Doping involves
introducing impurities into a semiconductor material to alter its
characteristics. Doping ZnO nanoparticles with gallium, indium,
or aluminium can result in a greater blue shift in the absorption
spectrum and enhanced photocatalytic activity.”™

The photocatalytic activity of ZnO nanoparticles arises
from their ability to generate electron-hole pairs upon light
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understanding of chemical intelligence and how it is demonstrated in synthetic nanomaterials.

exposure. The electron-hole pairs have the ability to interact
with water and oxygen, resulting in the formation of reactive
oxygen species (ROS), including hydroxyl radicals and super-
oxide anions.'>"® Reactive oxygen species (ROS) exhibit high
reactivity and have the ability to oxidise a wide range of organic
and inorganic compounds.'™® ZnO nanoparticles show pro-
mise in the degradation of various pollutants, including dyes,
pesticides, and bacteria."” "’

ZnO nanoparticles exhibit sensitivity to various stimuli,
including electric fields, magnetic fields, and temperature, in
addition to their photocatalytic activity.>">* This renders them
viable candidates for various applications, including sensors,
actuators, and electronic devices. ZnO colloidal nanoparticles
have demonstrated the ability to interact with proteinoids,*®*”
in addition to their potential applications in photocatalysis,
sensors, and electronics.

Proteinoids are artificial polypeptides that demonstrate similar
characteristics to those of natural proteins. Proteinoids possess the
ability to autonomously form complex structures and engage in
molecular interactions, including those with DNA.>**° Proteinoids
are synthesised by subjecting amino acids to thermal polymeriza-
tion. Microspheres are membrane-enclosed spherical structures
that exhibit the ability to self-assemble.*** The unique character-
istics of these molecules render them viable options for unconven-
tional computing devices. The microspheres display oscillatory
behaviours and can synchronise their reactions during interaction.
The observed collective behaviour has the potential to be utilised
in biomolecular-based computing applications. The mechanisms
underlying the self-organization and complex dynamics of syn-
thetic polypeptides remain incompletely understood.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


https://orcid.org/0000-0003-1710-4917
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nj03803g&domain=pdf&date_stamp=2024-09-26
https://doi.org/10.1039/d4nj03803g
https://doi.org/10.1039/d4nj03803g
https://rsc.li/njc
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nj03803g
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ048040

Open Access Article. Published on 03 October 2024. Downloaded on 5/31/2026 2:36:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Further study has provided strong proof for the polypeptide
nature of proteinoids, despite initial reports suggesting non-
peptide bonds and amino acid crosslinking. Fox and Harada
(1958) showed that proteinoids are created by the thermal
polymerisation of amino acids, leading to the formation of
structures containing peptide bonds.** Rohlfing’s (1976) Fourier
transform infrared spectroscopy (FTIR) analysis provided confir-
mation of the existence of peptide bonds in proteinoids. This was
demonstrated through the observation of distinct amide I and
amide II bands.**”*® Additional support is provided by the research
conducted by Nakashima and Fox (1980). They used high-
performance liquid chromatography (HPLC) to examine protei-
noid hydrolysates and discovered a composition that closely
resembled proteins.”” In a study conducted by Matsuno (1982),
13C nuclear magnetic resonance (NMR) spectroscopy was utilised
to offer further support for the peptide nature of proteinoid
bonds.*® In a recent study, Guttenberg et al. (2017) used advanced
analytical methods, such as mass spectrometry, to validate the
high frequency of peptide bonds in proteinoids. They also
acknowledged the existence of certain non-peptide linkages.*

One potential avenue for further exploration of proteinoid
systems involves their integration with nanoscale inorganic
materials. Semiconductor nanoparticles possess optical and
electronic capabilities that can interact with the dynamic char-
acteristics of proteinoids. Proteinoid-nanoparticle hybrid sys-
tems have recently been created, demonstrating emergent
irradiative behaviours when exposed to external stimuli.>® This
suggests that they could be useful in unconventional computing
paradigms that rely on interactions between light and matter.

The purpose of this study is to investigate the photo-response
of proteinoids-ZnO nanoparticle colloids when they are exposed
to visible light irradiation. Studying the photo-activated pro-
cesses in composite systems like these can provide valuable
insights into how complex behaviours emerge from the inter-
action between proteinoids and semiconductor nanocrystals.
Fig. 1 shows a schematic diagram of proteinoids-ZnO colloidal
nanoparticles and their photo-response under visible light irra-
diation. The purpose of investigating proteinoids-ZnO colloidal
nanoparticles under visible light irradiation is to discover funda-
mental principles that can be used to customise their irradiative
characteristics. The results could aid in the advancement of
proteinoids-inorganic hybrid materials for unconventional com-
puting devices*®*! that utilise complex photo-responses.

This work investigates the integration of artificial and
hybrid chemical intelligence by examining proteinoid-ZnO

ZnO nanopar-
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nanocomposites. Chemical intelligence spans a wide range of
systems, including both naturally occurring biological net-
works and artificially designed ones, as shown in Fig. 2 and
Table 1. We are primarily concerned with developing bio-
inspired systems that connect artificial and hybrid chemical
intelligence. Our objective is to study the light-responsive proper-
ties of proteinoid-ZnO nanocomposites to show how these
materials display significant features of chemical intelligence.
Specifically, they can process information by responding to light
stimuli, adapt through modulating their electrical spiking pat-
terns, and exhibit complex behaviours through adjustable photo-
responses. This study not only adds to the expanding domain of
molecular computers and chemical robots*® but also takes
inspiration from biological neural networks and cellular signal-
ling pathways.** Our goal is to use the distinct characteristics of
proteinoid-ZnO interfaces to enhance our knowledge of
chemical intelligence and provide new possibilities in adaptive
materials, bio-inspired computers, and synthetic biology.***
This study aims to showcase the ability to use visible light to
manipulate and regulate chemical behaviour in synthetic nano-
materials, hence creating opportunities for the advancement of
intelligent and adaptable systems.

2. Methods

Mixing proteinoids with ZnO nanoparticles in water and
dimethyl sulfoxide (DMSO) was needed to make bio-hybrid
composite materials, as shown in Fig. 3. Poly-glutamic acid:-
arginine protein-like chains were synthesised by thermally
polymerizing r-glutamic acid and r-arginine in a round-
bottom flask with a volume of approximately 100 ml. The
reaction took place under reflux conditions at a temperature
of 180 °C. The process of lyophilization resulted in the for-
mation of a solid proteinoid powder, which was subsequently
re-suspended to achieve a concentration of 10 mg mL ™.

To create a homogenous surfactant solution, sodium dode-
cyl sulfate (SDS) was added to deionized water (DIW) at a
concentration of 0.22 wt% and agitated. 1 mg ZnO nano-
particles were introduced to dimethyl sulfoxide (DMSO) while
continuously stirring. The concentration of the resultant dis-
persion was kept at 0.11 mg mL™". The final suspension was
immersed in an ultrasonic bath for 30 minutes. The stirring
operation was then repeated for a few hours to achieve a
homogeneous dispersion of ZnO.* The proteinoid and ZnO

;(Enhanced photoresponse)

Fig. 1 Conceptual illustration of proteinoids—ZnO colloidal nanoparticles and their photo-response to visible light. Proteinoids, synthetic amino acid
polymers forming microspheres, combine with ZnO nanoparticles (zinc oxide nanocrystals with a wide band gap). This combination produces electrical
spiking activity resembling neuronal action potentials. Visible light exposure modulates this activity, enhancing reactive oxygen species (ROS) production
and the overall photo-response of the complex.
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Fig. 2 An overview of the various forms of chemical intelligence and their interconnections. The diagram provides a definition of chemical intelligence,
referring to intelligent chemical systems in the liquid phase.*® It also illustrates the three main classifications: biological, artificial, and hybrid. Biological
chemical intelligence involves the study of natural systems that deal with chemical information. Examples of these systems include neural networks,
cellular signalling, and swarm intelligence displayed by multicellular organisms.**#”Artificial chemical intelligence involves the development of
engineered systems that replicate intelligent behaviour through chemical processes.*® These examples include molecular logic for processing
Boolean and fuzzy logic,***° chemical robots, and quantum computing implemented via chemical systems.*® Hybrid chemical intelligence combines
elements from biological and artificial systems.** Some examples in this field of study involve bio-inspired systems, the use of liposomes and DNA for
information processing,® and the advancement of synthetic cells with life-like characteristics.>®> The arrows demonstrate the direction and
interconnection of these concepts, emphasising the capacity of chemical systems to adapt, process information, and exhibit complex behaviour similar

to biological or artificial intelligence.

components were blended in predetermined proportions and
physically agitated to attain homogeneous dispersions.*®

The use of a simple and direct method led to the successful
formation of colloidal suspensions containing ZnO nano-
particles enveloped by proteinoids (Fig. 4). Blending enabled
the proteinoid shell and inorganic core to interact through
electrostatic and hydrophobic forces, eliminating the need
for chemical crosslinking or complex conjugation methods. By
employing the flexible blend approach, we were able to inten-
tionally manipulate the proteinoid content. This allowed us to
study the impact of composition on the photo-physical response.
The structure of the proteinoids were analysed using FEI Quanta
650 equipment for scanning electron microscopy (SEM).

The protenoid-inorganic composites were exposed to visible
light using a Photonics F3000 system. This system was equipped
with LED light sources from World Precision Instruments. The
samples were exposed to different spectra, including yellow
(590 nm, Part No: 593-30-003), red (625 nm, Part No: 59330004),
blue (470 nm, Part No: 59330001), green (525 nm, Part No:

17652 | New J. Chem., 2024, 48,17650-17669

59330002), grey (50%, Part No: 59330221), and broadband day-
light (Part No: 59330005). The LEDs emit light with narrowband
spectra, which have bandwidths ranging from 25 to 35 nm. The
light intensity was adjusted between 20% and 100% of the
maximum power density, which was set at 30 mW for the
unfiltered daylight LED.

We used a high-resolution data logger with a 24-bit A/D
converter (ADC-24, Pico Technology, UK) to measure the pro-
teinoids’ electrical activity. We inserted iridium-coated stain-
less steel sub-dermal needle electrodes (Spes Medica S.r.l.,
Italy) into the proteinoids and left about 10 mm of space
between each electrode pair. This allowed us to measure the
difference in electrical potential between them. We recorded
one sample per second of all the electrical activity. The data
recorder also took several readings (up to 600 per second) and
averaged them for further analysis. The timescales for light
exposure varied from seconds to hours. The LED system, which
can be customised, allowed for a systematic investigation of the
dependence of the protenoid-ZnO photo-response on various

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 1 Overview of chemical intelligence systems. The table presents a selection of notable chemical systems that exhibit complex behaviours and
information processing capabilities. The Belousov—Zhabotinsky (BZ) reaction is a prime example of an oscillating chemical reaction that displays complex
spatiotemporal patterns and self-organization. The Oregonator model provides a mathematical framework for understanding the dynamics of the BZ
reaction. Chemical turing patterns demonstrate the emergence of stationary patterns through reaction—diffusion processes, while the Briggs—Rauscher
reaction showcases another oscillating chemical system with periodic colour changes. Reaction—diffusion computers leverage the properties of
chemical reactions and diffusion to perform computations, offering a novel approach to unconventional computing. Additionally, the Orban reaction,

CIMA-CDIMA reaction, and pH oscillators are included as notable examples of oscillatory chemical systems used as neural surrogates>®

Chemical system Description Ref.
Belousov-Zhabotinsky (BZ) Oscillating chemical reaction exhibiting complex spatiotemporal patterns and self-organization. 54 and
reaction 55
Oregonator model Simplified mathematical model of the BZ reaction capturing its essential dynamics. 55
Chemical turing patterns Stationary chemical patterns formed by reaction-diffusion systems, demonstrating symmetry breaking and 56 and
self-organization. 57
Briggs-Rauscher reaction Another oscillating chemical reaction showing periodic colour changes and complex dynamics. 58
Reaction—diffusion Unconventional computing paradigm using chemical reactions and diffusion to perform computations. 44 and
computers 59
Orban reaction Oscillatory chemical system based on the iodate-sulfite-thiosulfate reaction, used as a neural surrogate. 60
CIMA-CDIMA reaction Chlorite-iodide-malonic acid (CIMA) and chlorine dioxide-iodine-malonic acid (CDIMA) oscillatory reac- 61 and
tions, exhibiting complex dynamics and used as neural surrogates. 62
PH oscillators Chemical oscillators based on pH changes, such as the bromite-sulfite and hydrogen peroxide-sulfite— 63 and
ferrocyanide reactions, used as neural surrogates. 64

Synthesis of Proteinoid-ZnO Blend
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Fig. 3 Schematic illustration of the proteinoid—ZnO blend manufacturing process. Proteinoids are synthesized through thermal polymerization of
amino acids and suspended in aqueous solutions. Zinc oxide (ZnO) nanoparticles are synthesized using the sol-gel method with sodium dodecyl sulfate
(SDS) surfactant. The proteinoids and ZnO nanoparticles are then combined to create the integrated bio-nano composite material.

factors such as wavelength, intensity, and exposure duration.
In order to measure the intensity of light exposure, calibration
measurements were conducted using a Light Metre (PRO
ILM 1337), as depicted in Fig. S24 (ESIf). The illuminance in
lux at the sample stage was measured at different light intensity
percentage settings, ranging from 25% to 100%. A nonlinear
relationship was observed, indicating saturation at higher
intensities.

The calibration data was best fitted by a cubic polynomial, as
indicated by the R-squared values. The calibration curve allows
for the conversion of programmed relative intensity percen-
tages to actual sample illu-minance. The calibrated intensities
were used in the proteinoid irradiation experiments to ensure
controlled light exposure throughout the visible range.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Fitting of the calibration data found a cubic polynomial
model provided the best fit with an R of 0.999.

The resulting calibration equations enable conversion
between intensity percentage and illuminance:

Linear: y = 2.43x — 66.04
Quadratic: y = 0.01x” + 1.66x — 46.89

Cubic: y = —0.00x% + 0.31x* — 15.57x + 226.76

For example, the models predict an illuminance of 27.44 lux
at 20% intensity. These calibrated conversions allowed con-
trolled visible light exposure of proteinoid-inorganic samples
across a range of well-defined intensities.

New J. Chem., 2024, 48,17650-17669 | 17653
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Fig. 4 Schematic representation of ZnO nanoparticles encapsulated by
proteinoid materials in a colloidal suspension. The gray spheres represent
ZnO nanoparticles, while the red circles depict proteinoid materials. The
cyan-blue gradient background represents the colloidal suspension. This
illustration demonstrates the simple yet effective method for creating
colloidal suspensions of ZnO nanoparticles surrounded by protein-based
materials.
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3. Results

3.1. Morphological analysis of proteinoid assemblies by
scanning electron microscopy

High-resolution SEM imaging revealed that the protenoids pro-
duced by thermal polymerization self-assembled into distinct
nanostructured morphologies. The scanning electron microscopy
(SEM) images in Fig. 5 depict proteinoid microspheres, ZnO
nanoparticles, and proteinoid-ZnO nanoparticle composites.
Fig. 5a shows the proteinoid microspheres, which have a spherical
shape and sizes ranging from 1-5 um. These microspheres bear a
resemblance to primitive protocells. It is worth mentioning that
certain proteinoid microspheres exhibit budding-like structures.
This observation suggests a possible mechanism for the reproduc-
tion and growth of protocells. The morphology of ZnO

View Article Online
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nanoparticles in Fig. 5b exhibits a smaller size distribution
in comparison to the proteinoid microspheres. The individual
nanoparticles have measurements of approximately 50-100 nm.
The proteinoid-ZnO nanoparticle composites, depicted in Fig. 5c,
exhibit the effective integration of ZnO nanoparticles into the
proteinoid matrix, resulting in the formation of hybrid structures.
Embedding ZnO nanoparticles into proteinoid microspheres can
enhance their structural stability and introduce new functional-
ities, such as improved photoresponse and catalytic activity. The
combination of proteinoids and inorganic nanoparticles, as
shown by the SEM images, offers a potential method for devel-
oping complex and functional protocell models. This helps to
connect prebiotic chemistry with the formation of early life-like
systems. Clarification of hierarchical self-assembly processes will
reveal connections between proteinoid morphology and emergent
functions. The ability to structurally organise at the nanoscale
with defined order is analogous to protein folding and could
enable the engineering of protenoid scaffolds for unconventional
computing devices.*>™¢

3.2. Photo-responses under visible light irradiation

The effects of proteinoid composition on the photo-responses
of 1-Glu : 1-Arg-ZnO colloidal nanoparticles were investigated by
characterising them under visible light irradiation. The com-
posite exhibited sensitivity and photo-current generation
dependent on the proteinoid ratio, as demonstrated in Fig. 6.
The transient electrical potential profiles clearly illustrate this
relationship. It is worth mentioning that the proteinoid nano-
particles with a ratio of 60-40% exhibited significantly
improved photo-responses and photo-electrochemical activity
when compared to nanoparticles with lower or higher ratios.
This indicates the importance of achieving an optimal balance
of interfacial interactions between the proteinoids and ZnO
nanocrystals.

The cooperative coupling between the components extends
across the visible range, as indicated by the broad spectral

Fig. 5 Scanning electron microscopy (SEM) images of (a) proteinoid microspheres, (b) zinc oxide nanoparticles, and (c) proteinoid—zinc oxide
nanoparticle composites. The proteinoid microspheres display a spherical form with dimensions between 1-5 um, analogous to primordial protocells.
Certain proteinoid microspheres exhibit budding-like structures, indicating a possible method for protocell growth and reproduction. The ZnO
nanoparticles have a narrower size distribution, with individual nanoparticles ranging from 50 to 100 nm in diameter. In the proteinoid—ZnO nanoparticle
composites, ZnO nanoparticles are incorporated into the proteinoid matrix, yielding hybrid structures. The integration of ZnO nanoparticles into
proteinoid microspheres could improve their structural stability and offer new capabilities, including increased photoresponse and catalytic activity. The
co-assembly of proteinoids and inorganic nanoparticles offers a viable method for developing more complex and functional protocell models,
connecting prebiotic chemistry with the origins of early life-like systems.

17654 | New J. Chem., 2024, 48, 17650-17669 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 6 Photoresponse of L-Glu:L-Arg proteinoid—ZnO nanoparticle composites under visible light irradiation. The photoresponse of colloidal
nanoparticles composed of L-Glu, L-Arg, and ZnO was studied under visible light irradiation, with varying proteinoid compositions. The plots display
the transient electrical potential profiles for different L-Glu : L-Arg ratios (10%, 20%, 30%, 40%, 50%, 60%, and 80%) when exposed to yellow (1 = 580 nm),
blue (1 = 450 nm), green (1 = 532 nm), red (4 = 660 nm), and daylight (broad spectrum) coloured lights. The exposure follows an alternating 30-minute
on/off cycle. An increase in proteinoid content leads to higher photoresponses and photoactivity. The highest generation of photocurrent is observed for
composite ratios ranging from 40-60%. The enhanced photoresponses across the visible range are supported by the cooperative interfacial effects
between the proteinoids and ZnO, as indicated by their broad spectral sensitivity.

sensitivity from yellow to red wavelengths. The proteinoid-
inorganic composites exhibit important features of computa-
tional functionality, such as spectral sensitivity, adjustable
photo-conductivity, and emergent collective responses. These
characteristics closely resemble certain aspects of neural sys-
tems. The results indicate that these bio-abio hybrids show
promise as nanoscale building blocks for unconventional,
brain-inspired computing. Current efforts are dedicated to
assembling photo-responsive colloids into integrated architec-
tures for all-optical information processing and adaptive”pro-
teinoid brains”.

The photo-response of 60:40% r-Glu:r-Arg:ZnO nano-
particles under intermittent irradiation with different visible
light colours was characterised. As depicted in Fig. 7, six
oscillatory peaks were observed following exposure to succes-
sive yellow, blue, green, grey, red, and daylight illuminations.
The average oscillation period was 4700 + 100 s, and the
standard deviation between peak potentials was 2.0 mV.

Visible spectrum broad spectral sensitivity suggests coop-
erative interfacial effects between the proteinoid and ZnO
components. The peak-to-peak amplitude of 7.6 £ 3.8 mV
indicates that the photo-conductance is significantly modu-
lated. On the transient profiles, the median potential is 8.5 +
0.9 mV, the RMS potential is 7.2 £ 0.7 mV, and the skewness
and kurtosis for the oscillation periods are 0.6 and 1.7,
respectively.

The distinct photo-response signatures for each colour of
light indicate that proteinoid-ZnO colloids have the potential

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

for optical coding. Current research focuses on developing
these peptide-nanocrystal composite networks for unconven-
tional computation and neural-like information processing.

Fig. 8 shows the transient photocurrent response of 80 :20%
1-Glu : 1-Arg : ZnO nanoparticles under intermittent visible light
irradiation. The sample was exposed to 30-minute intervals
of yellow, blue, green, red, and white daylight illumination,
followed by 30-minute intervals of darkness. In contrast to the
60:40% sample, a saturation effect is observed. The restoration
of baseline current following each illumination interval exhi-
bits rapid relaxation dynamics.

The photo-response characteristics of r-Glu:r-Arg:ZnO
60:40% v/v (P60ZnO) and r-Glu:1-Arg:ZnO 80:20% v/v
(P80ZnO) nanocomposites were assessed when exposed to
visible light. Table 2 provides a summary of the key metrics
related to the transient electrical potential profiles. All mea-
surements were conducted under daylight illumination. The
daylight source used in this study has a broad spectrum with
peak emission around 555 nm, as shown in Fig. S25 (ESIT).

The average oscillation period for the P60ZnO mixture was
4700 £+ 100 seconds. The long periodicity suggests a slow
intrinsic cycling between the excited and ground state mani-
folds. The peak-to-peak amplitudes, which were averaged at
7.6 £ 3.8 mV, indicate a significant photomodulation of con-
ductivity. The average root mean square (RMS) potential was
7.2 + 0.7 mV, and the median value was 8.5 mV. The skewness
and kurtosis values for the oscillation periods were 0.6 and 1.7,
respectively.

New J. Chem., 2024, 48,17650-17669 | 17655
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Fig. 7 The figure displays the photo-current response of a sample with a composition ratio of 60 : 40%. The colloidal nanoparticles composed of L-Glu,
L-Arg, and ZnO were subjected to intermittent exposure to visible light. The specimen underwent sequential irradiation for a duration of 30 minutes using
lights of varying colours, including yellow, blue, green, red, and daylight. For each colour, the light was turned on for 30 minutes and then turned off for
30 minutes. The electrical potential profile exhibits consistent photo-activation and fast signal restoration in the absence of light, indicating the reversible
modification of conduction by light. The presence of a wide range of spectral sensitivity within the visible spectrum suggests that there are cooperative
interfacial effects occurring between the proteinoid and ZnO components. The evident photoresponse seen in these bio-inorganic composites indicates

that they possess promising capabilities as optical sensors and optoelectronic interfaces for adaptive bioelectronic systems.
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Fig. 8 The transient photocurrent response of 80:20% L-Glu:L-Arg:ZnO nanoparticles irradiated intermittently with visible light. The sample was
exposed to 30 minute intervals of yellow, blue, green, red, and white daylight illumination followed by 30 minute intervals of darkness. In contrast to the
60 :40% sample, there is a saturation effect. The restoration of baseline current following each interval of illumination exhibits rapid relaxation dynamics.

On the other hand, the P80ZnO composite exhibited faster
oscillations with a shorter period of 2600 £+ 600 seconds.
However, we observed a decrease in photo-conductivity, as
indicated by lower peak-to-peak and RMS amplitudes of 1.0 +
0.2 mV and 1.5 + 4.6 mV, respectively. The median potential
measured was 4.1 mV. The period skewness and kurtosis values
were —0.3 and 1.7, respectively.

The photophysical characteristics of a formulation containing
40% 1-Glu, 40% 1-Arg, and 60% ZnO were examined when exposed
to visible light. According to the data presented in Table 2, this
composition displayed periods of instantaneous oscillation. The
average peak potential was measured to be 1.7 & 0.3 mV, while the
root mean square (RMS) amplitude was found to be 1.0 & 0.4 mV.

17656 | New J. Chem., 2024, 48, 17650-17669

A significant photomodulation between high and low conduction
states is indicated by a peak-to-peak magnitude of 2.9 &+ 1.0 mV.
The analysis of the periodic patterns revealed a distribution that
was close to normal, with a skewness value of 0.5 and a kurtosis
value of 0.4. In comparison to previous samples, the mixture
consisting of 40% proteinoid and 40% colloidal ZnO nanoparticles
exhibited faster intrinsic cycling and higher photo-response ampli-
tudes. The data presented in this study demonstrates the effects of
proteinoid ratio on photo-physical response mechanisms. Redu-
cing the ZnO content led to faster intrinsic cycling but resulted in
smaller magnitudes of photo-response.

The photo-physical characteristics of ZnO colloidal nano-
particles containing a 50:50% mixture of .-Glu and t-Arg with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nj03803g

Open Access Article. Published on 03 October 2024. Downloaded on 5/31/2026 2:36:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 2 Photoresponse characteristics of Px%ZnO nanocomposites from
triplicate measurements under different light sources. The light sources
used were yellow (4 = 580 nm), blue (2 = 450 nm), green (1 = 532 nm), red
(A = 660 nm), and daylight (broad spectrum). The oscillation period,
photoresponse, peak-to-peak voltage, and RMS voltage are reported for
each composition. The photoresponse is classified as low, moderate, or
high based on the observed electrical potential profiles

Peak to
Composition Osc. Period (s) Photoresponse peak (mV) RMS (mV)
P10%ZnO — Low 1.1 £1.0 0.20 + 0.08
P20%Zn0O 5300 + 500 Moderate 4.5+ 0.6 18.6 +0.8
P30%Zn0O 4600 + 200 Moderate 31+13 29.8+0.7
P40%ZnO — Low 29 +1.0 1.0 £ 0.4
P50%Zn0O 5800 + 900 Moderate 1.4 +0.8 1.3 £1.0
P60%Zn0O 4700 + 100 High 7.6 £ 3.8 7.2 £0.7
P80%ZnO 2600 £ 600 Moderate 1.0 £ 0.2 1.5 £ 4.6

ZnO were evaluated. This evaluation was conducted by taking
triplicate measurements while exposing the nanoparticles to
visible light. According to the data presented in Fig. 9, the
average oscillation period for the three trials was 5800 + 1400
seconds. The average peak potential was —0.9 + 1.5 mV, and
the average RMS amplitude was 1.3 £ 1.0 mV. A peak-to-peak
amplitude of 1.4 = 0.8 mV suggests that there is a significant
photomodulation of conductance occurring, which affects both
low and high current states. The median potential remained
consistent at —1.1 + 1.0 mV. The analysis of the oscillation
patterns revealed a normal distribution with a mean skewness
of 0.5 and a kurtosis of 2.1.

The fact that the photo-response characteristics remain con-
sistent across replicates emphasises the reliability and potential
usefulness of these proteinoid-inorganic composite systems.

The photophysical properties of a composite containing
10% 1-Glu, 10% 1-Arg, and ZnO were analysed and compared to

View Article Online
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previous studies conducted on formulations with a 50% 1-Glu and
50% 1-Arg composition. According to the data presented in
Table 2, the mixture containing 10% of the proteinoid displayed
significantly lower photo-response amplitudes. The average root
mean square (RMS) potential was measured to be 0.20 £ 0.08 mV,
while the peak-to-peak magnitude was found to be 1.1 £ 1.0 mV,
indicating a relatively small range of variation. This indicates that
there is minimal photoconductance modulation when compared
to the 50:50% sample. The 50:50% sample showed RMS and
peak-to-peak values of 1.3 & 1.0 mV and 1.4 & 0.8 mV, respectively.

However, the formulation with a concentration of 10:10%
1-Glu : 1-Arg exhibited a faster intrinsic cycling rate when exposed to
light, resulting in shorter oscillation periods. This finding warrants
additional evaluation. The reduced photomodulation at this compo-
sition suggests that there is less hybridization and interfacial cou-
pling between the proteinoid and inorganic components.

3.3. Relaxation kinetics post-
illumination

There is a “memory” effect in the proteinoid-ZnO colloids, as
evidenced by the continued electrical potential oscillations
following exposure to visible light. The proteinoid ratio in the
nanocomposites affects the relaxation dynamics and intrinsic
cycling, as illustrated in Fig. 10. Notably, post-illumination
oscillations with the highest amplitudes were seen in samples
with proteinoid contents of 60% and 80%. This increased
electrical activity indicates that these composites have the best
recall for previous radiation exposure.

The significant “remembering” of spectrum stimuli following
illumination suggests that these materials may facilitate asso-
ciative learning and emergent memory in proteinoid-based
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Fig. 9 The photocurrent response of colloidal nanoparticles containing a mixture of 50% L-Glu, 50% L-Arg, and ZnO was studied under visible light
irradiation. For each colour, the light was turned on for 30 minutes and then turned off for 30 minutes. The transient electrical potential profile exhibits
five oscillation peaks, with an average period of 6400 + 800 seconds. The peak potentials were averaged to be —2.3 + 0.5 mV, and they exhibited a peak-
to-peak amplitude of 1.6 mV. This suggests that there was significant photo-modulation. The root mean square (RMS) potential measured 2.4 mV, while
the median potential was —2.3 mV. The metrics of skewness and kurtosis provide additional characterization of the distributions of oscillation periodicity
and amplitude. The unique photo-response signature observed in the 50 :50% composition indicates that the proteinoid—inorganic interactions have
been finely adjusted to enhance photoconductive properties.
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Fig. 10 Post-illumination electrical potential oscillations for L-Glu: L-Arg: ZnO nanoparticles containing between 10% and 80% proteinoid. The samples
were initially subjected to intermittent exposure to white, yellow, blue, green, and grey light. Over time, intrinsic oscillatory patterns persisted in the electrical
potential after the light was turned off. This “memory” effect demonstrates that visible light modulates the photo-excitation and relaxation dynamics of
proteinoid—ZnO. The oscillation kinetics and amplitudes are proportional to the proteinoid ratio, indicating composition-dependent photo-responses.

computing networks. The proteinoid-inorganic photoresponse
can be modulated by varying the intensity of daylight, as shown
in Fig. 15. Various bio-nano composites consisting of 1-Glu:
L-Arg:ZnO were exposed to different levels of visible daylight
intensity, ranging from low (25%) to medium (50%) and high
(100%). The proteinoid ratios in these composites varied from
10% to 80%. The electrical potential profiles exhibit intensity-
dependent effects on photo-current generation, oscillation
kinetics, and the emergence of spiking behaviours. Reduced light
power densities result in a delay in emergence and a decrease in
the amplitude of the photo-response. The findings of this study
indicate that the modulation of proteinoid-inorganic interactions
can be achieved through the manipulation of input light intensity.
This aspect will be the primary focus of forthcoming research
attempts aimed at developing adaptive technologies.

The colloidal nanoparticles composed of 60% 1-Glu:1-Arg,
and 40% ZnO demonstrated notable electrical excitability and
spiking behaviours that continued even after the cessation of
visible light exposure. The presence of oscillatory potentials
was found for prolonged durations following irradiation, as
depicted in Fig. 11A. The examination of spike timing statistics
yielded a mean interval of 2400 £ 600 seconds between spikes,
as depicted in Fig. 11B. The amplitudes of the spikes were seen
to have an average value of —5.9 £ 0.6 mV, as depicted in
Fig. 11C. The Fourier analysis revealed the presence of a
prominent low frequency component at 0.042 Hz, which corre-
sponds to the average spike interval (Fig. 11D). This observation
showcases the composite material’s capacity to retain previous
photo-stimulation by means of persistent oscillatory excitation
states that resemble brain action potentials. The observed

17658 | New J. Chem., 2024, 48,17650-17669

spiking activity of these proteinoid-inorganic hybrids demon-
strates their potential as attractive materials for simulating
neural dynamics. There exists the possibility of incorporating
the photo-response characteristics inspired by the human brain
into unconventional computing systems through the manipula-
tion of composition, spectrum sensitivity, and relaxation
kinetics.

Both the samples with a ratio of 60:40% and 80:20% dis-
played electrical potential spikes, which indicated the presence of
persistent excitation states and ‘“‘photomemory” even after visible
light irradiation was stopped. However, several significant differ-
ences were observed between the compositions (Fig. 12).

e The 60:40% mixture spiked more frequently with a
shortened mean interval of 2400 + 600 s compared to the
80:20% sample’s 2300 £ 500 s.

e The 60:40% formulation had smaller spike amplitude
potentials averaging —5.9 £+ 0.6 mV versus 4.2 + 0.1 mV for the
80:20% composite.

e The dominating spike frequency, as determined by Fourier
analysis, was 0.04 Hz for both mixtures.

e The spike amplitudes of the 80:20% sample exhibited
greater skewness of 1.7 and kurtosis of 5.8 compared to 0.5 and
3.4 for the 60:40.

In summary, both compositions demonstrated neural-like
spiking behaviours after being illuminated. How-ever, the
80:20% sample exhibited larger amplitude spikes that
occurred less frequently. Additionally, the spike distribution
of the 80:20% sample was more skewed and non-normal. This
illustrates the ability to adjust the emergent oscillatory
dynamics by optimising the proteinoid content. Current

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 11 Electrical spiking activity of 60 : 40% L-Glu : L-Arg : ZnO colloidal nanoparticles after visible light irradiation. The colloidal nanoparticles composed
of L-Glu: L-Arg, and ZnO were subjected to visible light irradiation. The electrical potential exhibits oscillatory spiking behaviour over time. Transient
electrical potential versus time exhibits oscillatory spiking behaviour, according to (A). (B) Histogram of inter-spike interval durations, with a mean period
of 2400 + 600 seconds. (C) Histogram of spike amplitude potentials, averaging —5.9 + 0.6 mV. (D) Analysis of the Fourier transform reveals a dominant
frequency component at 0.042 Hz, which corresponds to the average spiking period. The data demonstrate that this proteinoid—inorganic composite
retains its electrical excitability and "memory” of prior illumination. The emergent spiking dynamics resemble aspects of neural systems, highlighting the
potential for these materials to be utilised in brain-inspired computation.

research is focused on understanding the molecular basis of
spiking phenomena in order to advance the field of
bioelectronics.®® The neuromorphic potential of the 30:70%
1-Glu:1-Arg:ZnO bio-nano composite is highlighted by the
appearance of rhythmic electrical spiking activity, as shown
in Fig. 13. The electrical response initially remained stable for
more than 26 000 seconds before shifting into an oscillatory
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pattern. This implies the existence of long-lasting photomem-
ory effects, where previous exposure to light is remembered
through the activation of connected excitable states.

The electrical potential signals exhibited characteristic spik-
ing patterns. To quantify the spike timing statistics, the spike
rate was calculated based on the intervals between detected
spike peaks as follows:
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Fig. 12 Spiking photomemory dynamics of 80:20% L-Glu: L-Arg:ZnO colloidal nanoparticles after visible light exposure. (A) The transient response
exhibits oscillatory electrical potential spikes. (B) The mean period of the spike intervals is 2300 + 500 s. (C) The average spike amplitude potential is
418 £+ 0.13 mV. (D) The mean spiking period is matched by the Fourier transform’s dominant frequency of 0.043 Hz. The proteinoid—inorganic
combination has spectral memory effects and long-term excitability that resemble brain processes. The findings point to possible methods for employing
these programmable bio-nano materials to achieve learning and signal processing abilities inspired by the brain.
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Fig. 13 Electrical potential dynamics of a 30 : 70% L-Glu : L-Arg : ZnO proteinoid—inorganic nanocomposite, exhibiting spiking oscillations emerging after
26 264 s post-illumination. The transition from a quiescent to an electrically active spiking regime exhibits long-lasting “photomemory” effects, where
the material remembers previous exposure to visible light stimuli. The potential of programmable bio-nano soft materials for light-addressable
unconventional computing applications is highlighted by their ability to trigger and modulate neural-like emergent behaviours through light irradiation.

T =l — I (1) These results demonstrate the diverse and complex
dynamics that can be achieved by adjusting the composition
of these programmable soft matter systems. The proteinoid-
inorganic components work together in a cooperative manner
to imitate certain aspects of brain physiology. These aspects
1 1 include memory, spike timing adaptation, and learning that
Ri= T I =1 ) resembles neural networks. By further developing and integrat-
ing these photo-responsive elements, it is possible to achieve
This derives the spike rate in Hz from the time differences revolutionary brain-inspired computer architectures.
between spikes. Analysis of the rate provides insight into the
dynamics of the spiking activity.
The analysis of the spike rate evolution (Fig. 14) showed a 3.4. Photocurrent amplification via
gradual increase from 0 to approximately 0.50 Hz as the llg ht intensity prog ramming
material adapted over time. The spatio-temporal pattern bears
resemblance to the firing patterns observed in complex biolo- The photo-response of proteinoid-ZnO was analysed to deter-
gical neural networks. mine its dependence on intensity. This analysis was conducted

where T; is the inter-spike interval between successive peaks
located at /; and /;,4. The instantaneous spike rate R; measured
in Hertz was then computed as:
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Fig. 14 The spike rate dynamics of a 30 : 70% ratio. The study investigates the behaviour of the L-Glu : L-Arg : ZnO proteinoid—ZnO nanocomposite over
time after illumination. Following a period of inactivity, there is a noticeable increase in oscillatory spiking activity, with spike rates reaching approximately
0.5 Hz. The increase in spiking frequency over time indicates that the coupled states are becoming more excited and that the activation kinetics of the
bio-nano composite are becoming more complex. The analysis of changes in spike rate over time and space helps us understand how metastable states
are formed through interactions between light, proteinoids, and inorganic substances. The programmable neuromorphic response showcased in this
study highlights the potential for creating adaptive brain-inspired behaviours through engineering.
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Fig. 15 The modulation of proteinoid—inorganic photoresponse can be achieved by adjusting the intensity of daylight. Bio-nano composites of L-Glu: L-
Arg: ZnO with proteinoid ratios ranging from 10% to 80% were subjected to irradiation using low (25%), medium (50%), and high (100%) intensity visible
daylight. The profiles of transient electrical potentials show that there are intensity-dependent effects on the generation of photo-current, the kinetics of
oscillation, and the emergence of spiking behaviours. Lower light power densities lead to delayed emergence and decreased amplitudes of the photo-
response. The results demonstrate that the amplification of proteinoid—inorganic interactions can be adjusted by controlling the intensity of the input light.
The focus of future research is to enhance the materials’ ability to respond to changes in ambient lighting conditions, specifically for adaptive technologies.

by examining a range of compositional ratios, as shown in mixture. The formulation with a ratio of 20:80 demonstrated
Fig. 16. The use of cubic polynomial fits to analyse the the highest sensitivity, measuring at 1.4 x 10~° mV per lux.
response-illuminance data allowed for a sensitivity analysis, This indicates that it achieved an ideal combination of
which helped quantify the light modulation efficiency for each  proteinoid-mediated enhancement and inorganic photo-
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Fig. 16 Sensitivity of L-Glu: L-Arg: ZnO nanoparticles to light as a function of their proteinoid content. For the compositional ratios of (A) 20: 80, (B)
30:70, (C)50:50, and (D) 60 : 40% v/v proteinoid to ZnO, the illumination intensity-dependent response was fitted with a cubic polynomial. According to
the cubic fit coefficients, the estimated sensitivities for 20 : 80, 30: 70, 50 : 50, and 60 : 40% are 1.4 x 107%,5.6 x 1077,1.6 x 107, and —=1.0 x 10~ mV per
lux, respectively. Maximum sensitivity is obtained at a ratio of 2: 8 proteinoid to ZnO, highlighting the photo-conduction enhancement mediated by
proteinoid. The nonlinear relationships highlight the complex relationship between light intensity and emergent proteinoid—inorganic photo-response
behaviours.
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Table 3 Photo-response
nanoparticles

sensitivity of L-Glu:L-Arg:ZnO colloidal

Composition (% v/v) R-squared Sensitivity (mV per lux)
P20%Zn0O 0.85 1.4 x 10°°

P30%Zn0O —0.29 5.6 x 107

P50%Zn0O 0.73 1.6 x 1077

P60%Zn0O 0.83 —-1.0 x 10°°

response. When the proteinoid percentages were lower, there
was a decrease in photo-current generation, which suggests
that there were reduced interfacial effects. However, when the
proteinoid content exceeds the optimal ratio, there is a decline
in the photo-response, eventually leading to its inversion. This
suggests that there are complex synergistic interactions that are
responsible for the emergence of light-triggered behaviours.
Additional mechanistic studies are being conducted to clarify
the impact of proteinoid density and conformational effects. In
general, the relationships between intensities demonstrate the
ability to adjust photo-sensitivity by programming the compo-
sition. This establishes the basis for customising bio-nano
hybrids in a logical manner, allowing them to be used in
optical information processing and unconventional computing
devices guided by light.

The photo-response of proteinoid-ZnO was analysed across
various compositions to determine its dependence on light
intensity. The results of this analysis are summarised in
Table 3. The maximum sensitivity of 1.4 x 10~® mV per lux is
achieved with a proteinoid ratio of 20%. This indicates that
there is optimal interfacial coupling at this particular ratio. The
observed negative sensitivity of —1.0 x 10~° mV per lux for the
60% mixture suggests that there is an inversion of the photo-
response curve when there is a higher proteinoid content.

This inversion can be attributed to the increase in charge-
carrier recombination and exciton decay rates, which are mediated

View Article Online
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by proteinoid-proteinoid interactions. At higher densities of pro-
teinoids, the dynamics of excitation are primarily influenced by
intramolecular relaxation rather than charge separation.

The tunability of the photo-response characteristics is demon-
strated by the compositional programming of the proteinoid-ZnO
systems. Fig. 17 demonstrates that when the proteinoid to inor-
ganic ratio was 80:20%, the response reached saturation at
higher illumination intensities. This is in contrast to the contin-
uous increase observed for other mixtures. This suggests that
there is an emergent constraint on the capacity to harvest light,
which is connected to the high density of proteinoids.

The presence of nonlinear sensitivity in photo-detectors or
sensing applications indicates the possibility of distinguishing
between low and high intensity stimuli. Fig. 18 provides addi-
tional characterization of the complex dynamic behaviours
through the utilisation of Fourier and time-frequency analysis
techniques. The spectral decomposition allows us to identify
the important oscillatory modes, while the scalogram shows
how these modes change over time.

These results provide insight into how the magnitude and
kinetics of the photo-response can be customised through syn-
thetic biomolecular engineering. The ability to adjust sensitivity,
tuning ranges, and emergent spatiotemporal patterns holds great
potential for developing optical logic and establishing the ba-sis
for computing with dynamic proteinoid materials. Ongoing
efforts are currently being directed towards establishing a con-
nection between composition and photophysics in order to
advance the field of bio-inspired information processing.

4. Discussion

The proteinoid-ZnO composites have distinct photo-sensitivity
signatures, which allows for optical differentiation of protei-
noid content. This is illustrated through the optical mapping
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Fig. 17 The photoresponse of colloidal nanoparticles composed of L-Glu, L-Arg, and ZnO with a proteinoid ratio of 80 : 20% v/v demonstrates saturation
behaviour when exposed to increasing levels of visible light irradiation. The electrical potential response exhibits a plateau at greater light intensities, in
contrast to the continuous increase reported in other compositions. This suggests that the proteinoid-rich combination reaches a point of saturation in
terms of photo-active centres when exposed to high levels of illumination. The integration of nonlinear sensitivity in optical sensing systems has the
potential to enhance selectivity and enable customizable spectrum discrimination.
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Fig. 18 (A) Electrical potential dynamics of an 80 : 20 percent mixture nanocomposite of L-Glu : L-Arg : ZnO proteinoid and inorganic compound. (B) The

transient photo-current response measured over 48 hours demonstrates oscillations. The promi-nent frequency components of the oscillations are
revealed by Fourier transform analysis. (C) The time-frequency distribution is depicted by the scalogram computed by continuous wavelet transform,
indicating variations in oscillation periods over the timescale. These hybrid smart materials exhibit complex oscillatory behaviours as a consequence of
the interfacial interactions between the biological and inorganic components. Relationships between dynamic photo-responses and tunable material

prop-erties for unconventional computing applications are the subject of

presented in Fig. 21. Distinct spectral barcodes are generated
for each formulation by encoding the normalised sensitivity
values into binary reflectance states.

Fig. 23 illustrates how the proteinoid-ZnO mixture can
absorb light in the visible spectrum and generate electrons
and holes that can participate in chemical reactions. An analy-
tical calculation of the energy gaps (E,) of ZnO nanoparticles
and proteinoid microspheres can be found in the supplemen-
tary material. This is relevant to our research question, as we
aim to investigate the effect of light intensity and wave-length
on the reaction rate and product yield of the proteinoid-ZnO
mixture.The Fig. 23 shows that the proteinoid-ZnO mixture can
act as a photo-catalyst for various organic synthesis reactions.
The Fig. 23 illustrates the synergistic system of proteinoid-ZnO,
which offers a means to augment photo-sensitivity by lever-
aging the complementary characteristics of the biological and
inorganic constituents. Proteinoids possess desirable charac-
teristics such as processability, structural flexibility, and
biocompatibility.>***>”® In addition, the ZnO nanoparticles
exhibit redox activity, possess surface electronic states, and
demonstrate effective light absorption.*”"”>  Tunable

Light-Induced Charge Separation in Proteinoid-ZnO

U L. E~3.06-3.68 eV R
+Proteinoid-Zn0 ———————-~ " _. Proteinoid _ — Zn0 *

Fig. 19 Schematic representation of light-induced charge separation in
proteinoid—ZnO complexes, showing the energy gap range (Eg) for various
wavelengths of light. Daylight and grey are polychromatic radiations,
consisting of a broad spectrum of wavelengths in the visible range.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

ongoing research.

optoelectronic capabilities arise from the tailored intermolecu-
lar and interfacial interactions through the integration of
various parts in a basic self-assembly process. Systematic
variation of composition and illumination conditions presents
possibilities for deliberate manipulation of photo-conductive
pathways. The examination of the mechanisms that underlie
the collaborative reaction is essential in order to comprehend
the structural and functional basis of the photo-sensitization
phenomena.”® The observed spectral sensitivity is most likely a
result of the photoexcitation of ZnO, which leads to the injec-
tion of charges into proteinoid orbitals. This process is facili-
tated by the close integration between the two components. The
morphology and structure of proteinoids subsequently impact
the kinetics and transport of excitons.

The HOMO is the highest energy molecular orbital that is
occupied by electrons in the ground state of a molecule. It is
represented by the eigenfunction Yyomo and eigenvalue éxomo
obtained from the solution of the Schrédinger equation:

3)

where H is the Hamiltonian operator describing the total
energy of the system.

The HOMO plays a crucial role in chemical reactivity and
determines the ionization potential (IP) of the molecule:

H‘PHOMO = énomol¥/HoMo

IP = —énomo

4)

The LUMO is the lowest energy molecular orbital that is
unoccupied by electrons in the ground state of a molecule. It
is represented by the eigenfunction Yrymo and eigenvalue
eLumo obtained from the solution of the Schrédinger equation:

New J. Chem., 2024, 48,17650-17669 | 17663
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Fig. 20 Density potential diagrams of L-Glu : L-Arg proteinoids generated using the AVOGADRO computational program. (a) The density potential with
an arrow indicating the dipole moment. (b) The density potential of the charged proteinoid. (c) The density potential during ionization. (d) The density
potential of the highest occupied molecular orbital minus one (HOMO-1). (e) The density potential of the lowest unoccupied molecular orbital plus one
(LUMO+1). (f) The density potential of the highest occupied molecular orbital (HOMO). (g) The density potential of the lowest unoccupied molecular
orbital (LUMO). The colour scale represents the electronegativity of the proteinoids, with green indicating the lowest electronegativity, followed by blue,
yellow, and red representing the highest electronegativity. These diagrams provide insights into the electronic structure and charge distribution of the
L-Glu : L-Arg proteinoids, revealing the dipole moment, charge distribution in the charged state, ionization behaviour, and the characteristics of the
HOMO-1, LUMO+1, HOMO, and LUMO orbitals. The varying electronegativity levels across the proteinoid structure suggest the presence of charge
asymmetry and potential reactive sites, which may play a role in the chemical and biological properties of these molecules.

The LUMO plays a significant role in chemical reactivity and

A =& 5 . .
Viomo = érumoVumo (5) determines the electron affinity (EA) of the molecule:

where H is the Hamiltonian operator describing the total

EA = —¢ 6
energy of the system. LUMO (6)

Optical Mapping of Proteinoid ZnO Sensitivity

Optical Codes:

I (= o
IS o ®
1 1 |

Normalized Sensitivity
& o
o N
| 1

0.2 -
04
0.6
.

P‘ZO P:IiO P;O Pt‘io
Proteinoid-ZnO Type
Fig. 21 Proteinoid—ZnO nanocomposite photo-sensitivity optical mapping. The optical reflectance signals encode the nor-malised sensitivity values for
compositions with 20%, 30%, 50%, and 60% proteinoid ratio. Positive sensitivity corresponds to a reflective state, whereas negative sensitivity
corresponds to a nonreflective state. This provides a spectral signature for distinguishing the proteinoid content based on the intensity-dependent
photo-response to illumination. Further development of the mapping method could enable optical measurement of the properties of bio-nano
composite materials for applications involving optical sensing.
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The energy difference between the HOMO and LUMO, known
as the HOMO-LUMO gap (AEnomo-Lumo), 1S an important
parameter that influences the electronic and optical properties
of molecules:

AEyomo-Lumo = éLumo — €HOMO (7)

The synergistic effects between proteinoids and ZnO occur
due to the photo-excitation of interfacial charge transfer states.
This is illustrated in the chemical reactions below. The excita-
tion of electrons from proteinoid orbitals to the ZnO conduc-
tion band occurs when photons are absorbed across the visible
spectrum. This results in the formation of localised positive
holes on the proteinoid chains.

The spectral shift of the effective bandgap (E,) suggests that
the density of interfacial electronic states can be modulated by
the wavelength of the incident light. Under blue light, the
presence of a greater number of mid-gap states results in the
ability to undergo transitions at a lower photon energy of
3.1 eV, as opposed to the higher photon energy of 3.3 eV
required under daylight conditions. The broad spectral photo-
sensitization can be explained by the proteinoid-mediated band
structure engineering. The E, values are calculated in the
supplementary material (Fig. 19).

Ongoing studies in spectro-electrochemistry are focused on
quantifying the changes in band positions that occur due to
light and establishing a correlation between the interfacial
density of states and the proteinoid conformation.”*” By
elucidating the relationships between structure and property,
we can uncover design principles that will allow us to engineer
emergent optoelectronic phenomena. This programming can
be applied to bio-inspired computing and adaptive electronics
applications. Fig. 19 presents a schematic representation of
light-induced charge separation in proteinoid-ZnO complexes.
The energy gap range (E,) for various wavelengths of light is
shown, indicating the potential for charge separation upon
light absorption.

The electronic structure and charge distribution of the
1-Glu:1-Arg proteinoids were studied using the AVOGADRO
computational program.”® Fig. 20 presents the density potential
diagrams obtained from these calculations. The density
potential diagram with an arrow (Fig. 20a) reveals the dipole
moment of the proteinoid, indicating the presence of charge
asymmetry within the molecule. The charged state of the
proteinoid (Fig. 20b) showcases the charge distribution, high-
lighting the regions of positive and negative charge. The
ionization behaviour of the proteinoid is depicted in Fig. 20c,
providing insights into the electron density changes during the
ionization process. The density potential diagrams of the
HOMO-1 and LUMO+1 orbitals (Fig. 20d and e, respectively)
reveal the spatial distribution of these important molecular
orbitals, which play a role in the chemical reactivity and
electronic transitions of the proteinoid. The colour scale in
the density potential diagrams represents the electronegativity
of the proteinoid, with green indicating the lowest electrone-
gativity and red representing the highest. The varying electro-
negativity levels across the proteinoid structure suggest the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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presence of potential reactive sites and charge asymmetry,
which may contribute to the unique chemical and biological
properties of the 1L-Glu:1-Arg proteinoids.

The photon energy, denoted as &, represents the energy of a
photon. The effective bandgap, represented by E,, refers to the
energy difference between the highest occupied energy levels of
the proteinoid and the conduction band edge of the ZnO
nanoparticles. The arrows indicate the excitation of an electron
from the highest occupied energy levels of the proteinoid to the
conduction band of the ZnO. For the proteinoid component, we
can still refer to its highest occupied molecular orbital (HOMO),
while for the ZnO nanoparticles, we use the terminology of
valence band maximum (VBM) and conduction band minimum
(CBM) to describe its electronic structure.

The various colours of light contain enough photon energy
to bridge the gap between proteinoid and ZnO, resulting in the
formation of charge separated states and the generation of
photo-current. The variation in bandgap is caused by the
adjustable density of interfacial electronic states in response
to different wavelengths of illumination.”” %'

The proteinoid samples with positive sensitivity, specifically
the 20%, 30%, and 50% samples, are associated with reflective
optical signals. On the other hand, the 60% sample, which has
negative sensitivity, corresponds to a non-reflective state. The set
of nanocomposite compositions is optically coded as [1 1 1 0].

The use of optical readout for spectral barcodes enables quick
identification of properties and functionalities of bio-nano
materials solely through light-matter interactions. The use of
light to encode various forms of information, including but not
limited to position, speed, direction, or data, is known as optical
encoding. Optical encoding can be accomplished through a
range of techniques, including the use of optical fibers, holo-
graphy, photonic crystals, plasmonic nanostructures, or quan-
tum dots. The structure-property origins of optical encoding

Potential Applications of Proteinoids-ZnO Nanoparticles

Nanoflake sensors

Application

Proteinoids-ZnO

nanoparticles

Logic gates

Fig. 22 Schematic representation of potential applications for protei-
noids—ZnO nanoparticles in unconventional computing devices, including
nanoflake sensors, oscillators, and logic gates.
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Mechanism of Proteinoid-ZnO Mixture and Light Interaction

Light
[

Proteinoid
Irradiate

Mi
X ZnO

Proteinoid-ZnO mixture

Produce

Reaction
Legend:

Proteinoid: A synthetic peptide
with potential applications in biotechnology,
medicine, and unconventional computing.

ZnO: A wide-bandgap semiconduc-
tor with an energy gap of 3.37 eV at room tem-
perature.

Reaction: The process of convert-
ing light energy into chemical energy by the
proteinoid-ZnO mixture.

Fig. 23 A schematic diagram illustrating the mechanism of interaction
between the proteinoid—ZnO mixture and light of different colors.

pertain to the correlation between the physical and chemical
attributes of materials and devices employed in optical encoding,
and their resultant optical performance and functionality.®**?

Current efforts are dedicated to the development of proto-
cols for programming proteinoid photo-sensitivity through
synthetic tailoring. Additionally, researchers are working on
understanding the structure-property origins of the optical
encoding.?*® The ability to use intrinsic photo-responses to
optically probe, differentiate, and classify the emergent beha-
viours of proteinoids offers a promising approach to achieve
highly parallel bio-inspired optical computing.

The proteinoids-ZnO nanocomposites exhibit strong photo-
responses when exposed to visible light, indicating their
potential usefulness in emerging computational frameworks.
The hybrid systems shown in Fig. 6 exhibit a tailored spectral
sensitivity, oscillatory current outputs, and dynamic photo-
conductivity. These characteristics indicate that these systems
have the potential to be used as fundamental components in
bio-inspired, brain-like “proteinoid computer”” architectures.

The oscillatory photo-current profiles, which have rapid
recovery Kinetics, are particularly suitable for implementing
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oscillators and clock signals. Furthermore, the binary photo-
response behaviour has the potential to aid in the development
of logic gates used for fundamental Boolean operations. By
further exploring compositional tuning, we can expand spectral
and amplitude discrimination, which in turn could enable the
use of multi-valued logic encodings.

In addition, the composite nanocomposite structure is
highly suitable for applications in high-sensitivity photo-
detectors. Nanoflake-like networks of photo-responsive col-
loids, when further developed, have the potential to serve as
sensors for optical pattern recognition in proteinoid neural
networks.

In summary, proteinoids-nanoparticle hybrids offer a pro-
mising materials platform for developing unconventional com-
puting technologies inspired by the human brain. By emulating
aspects of natural neuronal systems and harnessing light-
matter interactions, these hybrids have the potential to revolu-
tionise brain-inspired computing.

5. Conclusion

This study examines the photo-response of proteinoid-ZnO
colloidal nanoparticles when exposed to visible light irradia-
tion. It has been observed that the photo-response is reliant
upon both the composition of the proteinoid-ZnO mixture and
the intensity of the incident light. The study has provided
evidence indi-cating the existence of a trade-off relationship
between the sensitivity and stability of the photo-response.
Additionally, it has been determined that an ideal proteinoid
ratio of 20% yields maximum sensitivity. An intriguing phe-
nomenon of photo-response inversion has been reported in
conditions where the proteinoid content exceeds 60%. This
observation implies that distinct methods of photo-induced
charge transfer occur at various interactions between protei-
noids and ZnO. The results of our study offer novel perspectives
on the photo-physical characteristics of proteinoid-ZnO nano-
particles and their prospective utilisation in optoelectronic
devices (Fig. 22).
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